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MiniceUs are produced throughout the growth cycle of minicell-producing 
mutant strains and contain RNA and protein but little or no chromosomal 
DNA. Hence, they have been very useful in studies on cell division, the localiza- 
tion of enzymes and constituents in cells, transport processes, the synthesis and 
function of cell wall and membrane, infection by bacteriophages, and the 
mechanism of bacterial conjugation. The more recent discovery that plasmid 
DNA in plasmid-containing minicell-producing strains segregates into minicells 
of E. coli (Inselburg, 1970; Kass and Yarmolinsky, 1970; Levy and Nor- 
man, 1970; Roozen et al., 1971 a) and S. typhimurium (Sheehy et al., 1973 a, b) 
has provided a model system for studies on DNA replication, recombination, 
repair of radiation-induced damage, and transcription and translation of 
plasmid-specified genetic information. The fact that plasmid-containing mini- 
cells can act as genetic donors during conjugation (Kass and Yarmolinsky, 
1970; Levy and Norman, 1970; Roozen et al., 1971 a) and can be productively 
infected with bacterial viruses (Roozen et al., 1971 b; Curtis, unpubl.) has also 
contributed to the potential usefulness of the minicell system. 

This review attempts to summarize all available information, both published 
and unpublished, on minicells and minicell-producing strains. We will not, 
however, discuss those temperature-sensitive, division-defective mutants of 
E. coli and B. subtilis that only produce DNA-deficient cells at temperatures 
restrictive for normal cell division. The reader interested in these mutants is 
referred to the review by Hirota and Ricard (1972). Since minicell research 
is a rather new field of study, we also include a discussion of methods (Appen- 
dices I and III) and available strains (Appendix II, Tables 3 and 4) that will 
hopefully benefit those interested in using the minicell system. An earlier 
review of the minicell-producing strains of E. coli has been published (Adler 
and Hardigree, 1972). 



II. General Properties of Minicell-Producing Strains 

A. Relationship of Minicell Formation to Growth and 
Normal Cell Division 

Minicells are produced throughout the growth cycle, at all temperatures at 
which growth occurs and in all types of liquid and solid media by the minicell- 
producing mutants of E. coli (Adler et al. , 1 967 ; Adler and Hardigree, 1 972), 
S. typhimurium (Sheehy, unpubl.) and B. subtilis (Reeve et al., 1973). The 
growth phase of a culture as well as the growth medium can influence minicell 
production. For example, minicell formation is most frequent in B. subtilis 
strains in the late-log to early-stationary phase when the frequency of division 
events increases and shorter cells rather than filaments come to predominate in 
cultures (Reeve et al, 1973 ; Mendelson and Reeve, 1973). Khachatourians 
(pers. comm., 1973) has observed that the doubling time for minicell number 
can be less than the doubling time for cell number in an E. coli minicell- 
producing strain, and that minicells continue to be produced and to increase in 
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number for as long as 7 hours into stationary phase. We have observed that 
the yield of minicells produced by E. coli and S. typhimurium strains varies 
with the growth medium such that higher yields are observed on media that 
allow faster growth rates. For instance: 3XD medium (Fraser and Jerrell, 
1953) and minimal liquid medium (Curtiss, 1965) supplemented with 1.5% 
Casamino acids and 3.0% glycerol (or 0.5% glucose) give the highest yields; 
Penassay, L broth (Lennox, 1955), and minimal liquid medium containing 
0.5% glucose with only 0.5% Casamino acids give high yields; minimal liquid 
medium containing 0.5% glucose with no Casamino acids gives low yields, and 
even lower yields are obtained with succinate or acetate as carbon sources. 
Voros and Goodman (1965) observed that increased osmolality of the growth 
medium decreased both the amount of minicell production and the length of 
filaments in a minicell-producing filamentous strain of E.. amylovora. 

Since minicell formation constitutes an aberration in cell division, the 
mechanism of minicell-production is of considerable interest. The process of 
septum formation has been compared for normal divisions and minicell- 
producing division by examining septum infrastructure and by studying the 
growth patterns of minicell-producing strains under a variety of experimental 
conditions. Electron micrographs of thin sections of minicell-producing strains 
of E. coli (Fig. 1), B. subtilis (van Alstyne and Simon, 1971 ; Reeve et al., 
1973. and Fig. 2A-D) and E. amylovora (Huang and Goodman, 1970) reveal 
that the ultrastructure of a septum between a minicell and parent cell is the 
same as that of a septum between two progeny cells undergoing normal cell 
division. Reeve et al. (-1973) have also demonstrated (Fig. 2B, C and E) that 
mesosomes are often apparent in thin sections of B. subtilis minicells. This 
supports the idea that mesosomes are important in septum formation and that 
mesosomes are not always associated with chromosomal DNA. Nauman et al. 
(1971) reported that ribosomal helices, which appear intracellularly as a result 
of growth under increasingly acidic conditions, formed in the division plane of 
minicells and cells of the E. coli strain P678-54. Khachatourians (pers. comm., 
1973) has observed that septum formation in E. coli takes the same amount of 
time regardless of whether the site of septum formation is central or at the 
polar region of the cell. The diametei of minicells is often smaller than the 
diameter of parental rod-shaped cells in many minicell-producing systems in- 
cluding E. coli (Frazer and Curtiss, 1973), E. amylovora (Voros and Good- 
man, 1965; Huang and Goodman, 1970), the marine pseudomonad of Fors- 
berg etal. (1970b), S. typhimurium (Curtiss and Sheehy, unpubl. observa- 
tions) and B. subtilis (van Alstyne and Simon, 1971; Reeve etal., 1973). 
Hence, the site of a minicell-forming septum although variable may often be , 
quite close to the cell pole. 

It is clear from studies of growth patterns that minicell formation occurs 
only under conditions that permit normal cell division and chromosome re- 
plication. Adler et al. (1969) demonstrated that if a lon~ mutation (i.e. a muta- 
tion causing cell division, but not cell growth to be blocked following exposure 
of cells to radiation) was present in an E. coli minicell-producing strain, minicell 
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Fig. 1. Thin section of an E. coli minicell-producing cell (*925) dividing to yield a minicell. 
x 49 140. Electron micrograph taken by D. P. Allison 



formation was inhibited as effectively as cell division following radiation. Clark 
(1968 a, b) showed that when an E. coli minicell-producing strain was incubated 
in the presence of nalidixic acid (which inhibits DNA synthesis and thereby also 
blocks cell division), no minicells were formed. Reeve (pers. comm., 1971) and 
Khachatourians et al. (1973) demonstrated that if the bug6~ thermosensitive 
cell division mutation described by Reeve et al. (1970) (i.e. a mutation causing 
formation of filaments at the non-permissive temperature that subsequently 
undergo a burst of cell division when reincubated at the permissive temperature) 
was present in a minicell-producing strain, no minicells were formed at the 
non-permissive temperature. Other studies (Khachatourians, pers. comm., 
1973) have demonstrated that both minicell formation and normal cell division 
is blocked when cultures are exposed to a variety of treatments that interfere 
with either chromosome replication or septum formation (e.g. presence of 
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chloramphenicol, thymine starvation, amino acid starvation, delay of division 
following UV-irradiation, and nutritional shift-up experiments in which a 
culture is shifted from a minimal to complex medium) and that in many 
instances, when inhibition of cell division is released, minicell formation pre- 
cedes reinitiation of normal cell division. All these studies suggest that the 
septation process resulting in the formation of miniceils is normal in all respects 
except for the placement of the septum (Adler and Hardigree, 1972 ■ Reeve 
etal.,1973). 

A number of investigators have followed the growth patterns of individual 
clones of rrumcell-producing strains for many generations in order to precisely 
describe the process of septum placement. The results of these studies with 
E.coh strains indicate that a cell cannot simultaneously form a minicell septum 
and a centrally placed septum, suggesting that cells are restricted in their 
septum-forming capacity (Adler et al., 1969; Abler and Hardigree 1972- 
Teather et al., 1974). Reeve (pers. comm., 1971) and Khachatourians et al' 
(1973), studying a rmnicell-producing bug6~ mutant, also noted that E ooli 
cells possess a limited capacity for the total number of septa that can form 
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during the burst of division that occurs when filaments formed at 42° C are 
shifted down to a temperature permissive for septum formation. No predictable 
pattern for the placement of minicell-producing septa has yet been discerned in 
E. coli strains (Abler et al., 1969; Adler and Har^gree, 1972; Teather 
et al., 1974). Mmicells can be produced at either pole of a cell and all possible 
sequences of forming central and minicell septa have been observed e g cells 
may undergo several generations of division without the formation of a minicell 
or several miniceUs may form sequentially at one pole in the absence of the 
formation of a central septum. To explain such observations, Abler and Har- 
digree (1972) have proposed that cells possess three potential division sites 
one m the central region of a cell, and one at either pole region. They propose 
that the sites at the polar region of a parent cell are destined to be located in 
the central region of progeny cells. Thus minicell formation would result from 
random premature activation of division sites located in the polar region On 
the other hand, Donachie (1973) has suggested a different rationale for minicell 
formation. He proposes that sites for the location of central septa are usually 
shut off after division; however, if such sites remained active in the next 
generation, they would be located in the polar region and could subsequently 
give nse to a minicell-forming septum. 

Reeve et al. (1973), Menbelson and Coyne (1973), and Coyne and Men- 
DELSOn (1974) have studied the septum-forming characteristics of B. subtilis 
filamentous minicell-producing strains. In addition to the same combinations 
of sequences for forming minicell-producing and central septa as have been 
observed in E. coh strains, B. subtilis divIV-A and divIV-B strains can produce 
short, DNA-deficient rods that do not grow but do have the capacity for septum 
formation. Reeve et al. (1973) have observed that some of these rods divide 
one or two times, resulting in the production of two or three minicells Coyne 
and Menbelson (1974) have statistically analyzed the placement of septa in 
46 clones of a divIV-B minicell-producing mutant observed by phase-contrast 
microscopy during the first 3 to 4 generations following spore germination. 
They observed that the probability of a minicell-producing septum being formed 
per septum-forming event is O.31 and that a significant proportion (40%) of the 
minicells present in a clone occur in clusters of two or more minicells. Clusters 
of two minicells were often formed as a result of two minicell-producing divisions 
taking place one at each of two adjacent cell poles (which the authors designate 
as "sister poles" since they ar.e produced by the same cell division event and 
therefore are the same age with respect to the generation during which they 
were formed). Furthermore, it was observed that clusters of minicells are most 
likely to be present at the two oldest cell poles in the clone (i.e. the most 
proximal and distal poles to the spore coat) and the two sister poles resulting 
from the first cell division. Coyne and Menbelson (1974) suggest that the 
observed ''preferential clustering" of minicells within a clone can be partially 
explained if the chance of a minicell-producing division increases as a cell pole 
becomes older. It is interesting to note that Khachatourians et al. (1973) have 
made similar observations of the clustering of minicell production at the oldest 
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poles of a clone during the burst of division that occurs when filaments of a 
bug6~ miniceU-producing strain are shifted from the non-permissive to per- 
missive temperature. Reeve et al. (1973) and Coyne and Mendelson (1974) 
have made the intriguing suggestion that the lack of chromosomal DNA in the 
polar region of divIV-A and divIV-B B. subtUis mutants may be related to the 
formation of minicell-producing septa. It will be interesting to see the relation- 
ship, if any, between minicell-production and the process of sporulation in 
B. subtilis strains. 

It is apparent that the mechanism for selection of septum formation sites is 
yet to be elucidated in any minicell-producing system and it is unlikely that 
much progress will be made in this area until more information is available on 
the number and activities specified by different genes involved in the pheno- 
menon of minicell formation (see Sect. II. C). Evidence from a number of 
sources indicates that many minicell-producing strains have an increased 
resistance to ionizing radiation (see Sect. II. B.) and tend to be associated with 
filament formation (see Appdsl. and III. A.) although it is not clear if these 
characteristics are truly pleiotropic effects of mutations that cause minicell 
production. 



B. Radiation Sensitivity of E. coU and S. typhimurium 
Minicell-producing Strains 

The E. coli minicell-producing mutant P678-54 of Adler et al. (1966; 1967) 
was selected for its increased resistance to X-irradiation compared to its parent 
P678 while resistance to UV-irradiation remained the same for both strains. 
Paterson and Roozen (1972 b) have shown that an R plasmid-contaimng 
derivative of P678-54 (i.e. strain Z 1009) is appreciably more resistant to 
y-irradiation than is P678 and that this was due to the chromosomal mutations 
causing minicell production rather than the presence of the R plasmid. Minicell 
production in E. coli is due to two mutations at separate loci (mm/4 and minB, 
Roozen and Curtiss, unpubl. ; see Sect. II. C), and Fralick and Hardigree 
(unpubl.) have found that both mutations are necessary for increased X-ray 
resistance. Hardigree, Khachatourians, Stallions and Adler (unpubl.) 
have examined the X-ray resistance of #1260, a miniceU-producing derivative 
of *984 (a strain with a genetic background very different from P678-54; see 
Appdx II. B. 3. and Table 4), and of the Tankersley (1970) S. typhimurium 
minicell-producer. Both strains show increased X-ray resistance compared to 
their respective non-miiuceU-producing parent strains. The minicell-producing 
strains of S. typhimurium, S. anatum, S. enteritidis, S. pullorum, S. senfienberg, 
and S. worthington isolated by Epps and Idziak (1970) were selected by in- 
creased resistance to y-irradiation. The resistance of these strains to X-ray and 
UV-irradiation has not been reported. These results strongly suggest that mini- 
cell-production and resistance to ionizing irradiation (i.e.X- and r irradiation) 
may be associated with the same mutations in E. coli and Salmonella species. 
Thus, it is apparent that ionizing-radiation resistance may be a promising 
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C. Genetic Control of Minicell Production 

closely linked to the ILa III' ' i %vIV ~ B1 mutant assesses a mutation 
bacterid- a I * aS determined b y transduction with PBS1 

bacteriophage and by co-transformation, while the mutation in the MvIV A l 

^^^^^^^^ 

mutant hTnorv^T' °' miniCe " Pr ° dUCti ° n * the S.typUmurium UTn 
mutant has not yet been investigated. The strain forms recombinants with Hfr 
donor strains of £. coli K-12 and S. typhimurium LT-2 (Sheehy unoubn and 
is a prototroph lysogenic for at least three phases one of III* P ' 

L°tt y n«f n 40 Phage {SH — « ; Cr^npublTTn:: 

rate Uo^d" tXT "hI^ °", " Pr ° dUC,i ° n ^ the 
strains isolated by Em and Idziak 1970). It would be most interesting t„ 

1 fc ,r gene ' iC ' 0CUS " inV °' Ved in -SKteto 
The £. coh numcell-producing strain P678-54 seems to have two mutant 
loci involved in the expression of the phenotype leading to miniceuZmat i 0 „ 
Roo 2EN and CraT ,ss (unpubl.) have conducted a diversity of co^jugXn ex- 
periments m an attempt to map these loci. The existence of fiv.1T? 
affecting the Gal- phenotype in P6; 8 (BachmaL To") some „f which ar! 
suppressor mu.at.ons ununited ,0 the g «i operon, has comp, cated^nkag 
studies. The presence of amber suppressor mutations in r02S 1P678 <Th?! 
been confirmed by demonstrating that this strain supports the grow 1, „1 
vanous T4 amber mutants (Frazek and Cuht.ss. unpubl ). FurlZle 
aberrant recombinant yields were observed in crosses between ^25 and v^o s 
coh donor strams. which seemed to mdicate the presence of cSomosome 

*925 0 produce mimceUs was lost when either the Uc.fv.rE (9 to 12 m M or 
P*C+P (24 ,0 27 min, region of the £. M chromosome was „t odld cm 
wJd-type donor strains. In matings with the F + prototrophic miiiiceCoduan^ 

F- stra^ 4 t ,, (See Tab n 4 and A PP d * »• B. 2.) and L-miniceU-p odu ng 
F strams the miiucell-producing phenotype was only observed amon "r" 
combinants that had inherited both the la^rE* and secerns of the 
donor chromosome. I, was also demonstrated that miniceU-p^du ng re 
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combinants could be obtained by introducing the lac+-fi ur E+ region from *964 
into P678, the parent to the E. coli miniceU-producing mutant P678-54 There- 
fore, P678 already possessed one (minB) of the two mutations (minA and 
mtnB) necessary for miniceU-production. It was subsequently shown that 
minicell-producing strains could be formed in two separate steps by using *964 
as the donor parent and selecting first Lac+ recombinants which introduced the 
mtnA mutation and then PyrC+ recombinants to introduce the minB mutation 
or vice versa (Roozen and Curtiss, unpubl.). Recently, Khachatourians 
(unpubl.) demonstrated that the minA locus is co-transducible with the mtc 
locus (i.e. at 10.5 min on the E. coli chromosome map of Taylor and Trotter 
(1972). 

The ability of *925 to produce minicells is also affected by other genetic 
changes that alter genes near the minA locus. Fralick and Curtiss (unpubl ) 
found that many (but not all) T6' mutants isolated from ^925 failed to produce 
minicells. It has also been found that the introduction of F lacS (Macrina and 
Balbinder, 1972) or F^lac into *925 eliminates the ability to produce 
minicells (Macrina, unpubl.), although the introduction of other F' lac+ factors 
is without effect on minicell production (Roozen et al., 1971 a). In addition to 
these position effects, Curtiss (unpubl.) has found that the introduction of 
F ORF-1 (which carries the lac+ froC + T6' and purE+ loci) into *925 yields 
Lac+ recombinants at a frequency of about 10-' instead of the expected fre- 
quency of about 10- 1 . The Lac+ recombinant colonies were also very irregular 
in shape and none of them contained cells that were partially diploid for the 
lac to purE region. It was thus not possible, to determine the dominance-reces- 
sive relationship of the alleles at the minA locus and it was suggested that such 
heterozygous partial diploids might result in cell lethality (Curtiss, unpubl). 

III. General Properties of Minicells and Studies of Minicells 
as a Population of Polar Regions of Cells 

A. Introduction 

Minicells constitute a unique in vitro system, one by definition incapable of 
division or growth, but possessing a functional cell wall, cell membrane, 
nbosomes, and an energy-generating system, and capable of maintaining the 
integrity of these systems for a considerable period of time. The experimental 
evidence on which these conclusions are based includes physiological, bio- 
chemical and electron-microscopic work with minicells from a number of 
species. Electron micrographs of thin sections through minicells of E. amylovora 
(Huang and Goodman, 1970), marine pseudomonad B-16 (Forsberg et al., 
1970b), E.coli (Adler and Hardigree, 1972; and Fig. 1) and B. subtili's 
(van Alstyne and Simon, 1971 ; Reeve et al.. 1973 ; and Fig. 2) show that the 
appearance of the cell envelope, plasma membrane, and ribosomes is like that 
of normal cells. The cell wall functions to protect minicells from lysis under a 
variety 01 conditions, as discussed more fully in Appendias III. B. and III. C. 
and Sect. III. C. Tankersley (1970) and Tankersley and Woodward (1973) 



FROM BIOMEDICAL INFORMATION SERVICE (TUE) 9. 18*01 1 0 : 45/ST. 1 0 : 38/NC. 436264 1 974 P 17 



12 A. C. Frazer and R. Curtiss III: 

showed that there are no surface-antigenic differences between 5. typhimurium 
minicells and normal cells by testing with absorbed antisera or antisera specific 
for 0 antigens. Furthermore, vaccines prepared with UV-irradiated or formalin- 
treated minicells had the same efficacy as vaccines prepared with formalin- 
killed normal cells, resulting in equivalent agglutination titers as well as ex- 
cellent protection to mice subsequently challenged with live 5. typhimurium 
cells. The intactness ol the cell envelope is also indicated by the fact that 
bacteriophage can infect minicells of E. coli and B. subtilis, as discussed in 
Sect. V. Studies on active transport (Sect. III. G.), oxygen uptake and the 
generation of ATP (Sect. III. B.) indicate that the plasma membrane of mini- 
cells performs its varied functions as in normal cells. Evidence that minicell 
ribosomes are functional comes from studies of their capacity to synthesize 
protein in a cell-free system with artificial mRNA (Fralick et ah, 1969), and 
from the fact that plasmid-containing minicells and bacteriophage-infected 
minicells synthesize plasmid- and phage-specific proteins (see Sects. IV. G. and 
V.). Minicells are thus useful in studies of cell processes that continue in the 
absence of chromosomal DNA and of de novo synthesis of chromosome-encoded 
RNA and protein products. It is obvious that, since minicells are derived from 
the polar region of a cell, they should be useful as a means of characterizing the 
distribution of subcellular components between the ends and cylindrical regions 
of cells. In addition, with E. coli and S. typhimurium minicells, the effect of 
plasmids on the compartmentalization and activity of certain enzyme systems 
can be studied. 

B, Energy Generation in Minicells 

Adler etal. (1967) demonstrated that E. colt minicells were active in 
oxygen consumption in minimal medium with glucose as a substrate and 
Black (1967) showed that E. coli minicells from cultures grown on glycerol 
were active in oxygen consumption with glycerol as a substrate. It has also 
been established that minicells of B. subtilis respire with glucose as a substrate 
and that respiration is coupled to phosphorylation with the generation of ATP 
as determined by the luciferin-lucif erase assay (Mendelson et al., 1974). The 
capacity of minicells to generate ATP is also evident from the observation by 
Reeve et al. (1973) that B. subtilis minicells are motile, and we have observed 
motility as well among E. coli and S. typhimurium UT13 minicells by phase- 
contrast microscopy. These studies suggest that minicells might be useful in 
studying chemotaxis and that motility does not depend on the presence of 
chromosomal DNA. 

C. Maintainence of E.coli Minicells during prolonged Incubation 
at 4° C and 37° C or during Storage at —70° C or —190° C 

The effect on a number of physiological functions due to the aging of purified 
E. coli minicell suspensions over a period of hours or days has been studied. 
Black (1967) measured the turbidity of minicell suspensions and their capacity 
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for respiration after incubation at 4° C in 3XD (Fraser and Jerrel 1953) 
growth medium or at 3 7° C in either 3XD or buffer. Penicillin was present in 
3XD medium at 200 [ig/ml to prevent growth of contaminating cells in minicell 
suspensions. When minicell suspensions were incubated in 3XD medium at 
4° C, no loss of turbidity was observed during the 7 days of the experiment, 
while the turbidity of a cell suspension incubated under the same conditions 
decreased 4-fold. This indicates that, as with B. subtilis minicells (see Appdx III. 
B.), E. colt minicells are more resistant to autolysis than cells. When minicells 
were incubated for 2 days at 37 0 C in 3XD medium or buffer, the turbidity 
decreased gradually from an OD at 500 nm of 0.3 to 0.2, although the loss in 
turbidity was initially more rapid for minicells incubated in buffer. Hence 
autolysis of minicells was more immediate in buffer and was retarded when 
minicells were incubated in a growth medium. The capacity for respiration of 
minicells was determined by observing oxygen uptake in 3XD medium during 
a 2-h period. A minicell suspension incubated at 4° C in 3XD medium showed 
no decrease in capacity for respiration after 2 days and a decrease of only 10% 
after 7 days. However, minicells incubated at 3 7° C for 2 days showed a gradual 
decrease to 50% of the initial capacity for respiration and the rate of decrease 
was the same for suspensions in 3XD medium or buffer (Black, 1967). Silver- 
man (1967) observed that minicell suspensions incubated overnight at 4° C 
became noticeably more resistant to sonic disruption. To determine whether 
this observation was due to increased cell wall material, he measured the protein 
and polysaccharide content of minicell suspensions incubated for various 
periods of time at 4° C in 3XD medium. No change in total polysaccharide or 
protein content could be detected with the chemical methods employed. Similar 
observations have been made by Fenwick (unpubl.), who observed that mini- 
cells become more resistant to lysis by lysozyme treatment after refrigeration 
overnight and by Levy (pers. comm.) who observed that minicells are more 
difficult to lyse after storage at 4° C or -20° C. The physiological basis of 
resistance to sonic disruption or lysozyme treatment as well as the possible 
reversibility of this phenomenon and its relationship, if any, to cold shock 
treatment remain undetermined. Silverman (1967) also measured the loss in 
specific activity of NAD-dependent glycerol dehydrogenase and ribonuclease 
activities in minicell suspensions incubated at 4° C in 3XD medium. There was 
no decrease in the activity of glycerol dehydrogenase during the 24 h of the 
experiment and, since this enzyme is required for the utilization of glycerol as 
an energy source in respiration, these data are consistent with the observation 
of Black (1967) that no decrease in capacity for respiration is observed for at 
least 2 days under these conditions. Ribonuclease activity, however, decreased 
progressively at the same rate in minicell and cell suspensions with only 54 to 
5 8 % of the initial activity remaining after 8 h. Kool et al. (1 974) reported that 
after 2 days of storage at 2° C, minicells containing the Clo DF13 plasmid lost 

up to 80% of their capacity to synthesize RNA and protein. These studies 
indicate that different parameters of minicell suspensions (e.g. autolysis, re- 
spiration, various enzyme activities, and the capacity to synthesize RNA and 
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protein) decay at different rates, and that these decay or degradation processes 
are not necessarily related to one another. 

Kass and Yarmolinsky (1970) purified F'-containing minicells by sucrose- 
gradient centrifugation and then stored them at -70° C in tryptone broth 
containing 15% glycerol and 10" 3 M MgS0 4 . The capacity of the minicells to 
act as conjugal donors was preserved under these stoiage conditions. However, 
storing minicells overnight in the refrigerator resulted in a decrease in donor 
efficiency of more than 90%, which was partially reversible by incubation in 
broth (Levy, 1971b). Inselburg and Fuke (1970) stored purified ColEl-con- 
taining minicells for 2 days at -70° C after quick freezing in a medium con- 
taining Tris, Casamino Acids, glucose and 7.5% glycerol. These minicells were 
competent to replicate CoLEl after thawing. 

Kool et al. (1974) made a very interesting study of the capacity of minicells 
which contain the C0IDF13 plasmid to incorporate precursors into DNA, 
RNA, and protein after storage at the temperature of liquid nitrogen ( -1 90° C) 
for different periods of time. A linear decrease in the capacity for DNA syn- 
thesis was observed such that, after 4 to 6 days of storage, 50% of the initial 
synthesis capacity was lost. The capacity for RNA synthesis remained fairly 
constant for 4 days and then declined so rapidly that 50% of the initial capacity 
was lost by 8 days. The capacity for protein synthesis remained practically 
unchanged for at least as long as 16 days, hence, mRNA and the translation 
apparatus in these minicells remain stable under these storage conditions. It 
would be interesting to determine whether the proteins synthesized by mini- 
cells after this prolonged storage have the same molecular weight as when 
synthesized in fresh minicells. 

D. Distribution of Stable Macromolecules in Minicells and Cells 

A comparison of the distribution of stable macromolecules in cells and 
minicells of B. subtilis, S. typhimurium and E. coli is presented in Table 1 . The 
amount of DNA is very low or below the level of detection in minicells of B. sub- 
tilis and E. coli, while in S. typhimurium minicells the amount of DNA is low 
compared to cells but higher than for minicells of B. subtilis and E. coli. This 
observation correlates with the observation by Sheehy et al. (1973 a) that 
S. typhimurium UT13 minicells contain a plasmid of unknown function (called 
a cryptic plasmid). Tudor et al. (1969) demonstrated by electron microscopy 
of thin sections that occasionally E. coli minicells of #925 contain fractional 
portions of chromosomal DNA as a consequence of chromosomal material 
extending into the mimceU-forrmng end of the cell at the time of septum 
formation. It was suggested that minicells containing a significant amount of 
chromosomal material might be found predominantly in the cell fraction after 
purification procedures based on differential centrifugation (Tudor et al., 1969). 
The ratio mg RNA/mg protein in minicells of B. subtilis is very close to the 
value for cells, while that in E. coli minicells is 93 to 1 13 % of the value for cells. 
Scandlyn (1968) examined the stable RNA species in minicells and cells on 
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Table l . Distribution of stable macromolecules in minicells and cells 



Strain 


Component 


Minicells 


Ceils 


Ratio 
MC/cell 


Reference 


B. subtilis 


RNA 


0.264 mg/mg 


0.260 mg/mg 


1.0 


Reeve et al. 


atvl V-Al 




protein 


protein 




(1973) 




DNA 


not detectable 


0.028 mg/mg 


— 


Reeve et al. 








protein 




(1973) 


divIV-Bl 


RNA 


0.230 mg/mg 


0.234 mg/mg 


0.99 


Reeve et al. 






protein 


protein 




(1973) 




n\TA 
UJN A 


not detectable 


0.029 mg/mg 


— 


Reeve et al. 








protein 




(1973) 


5. typhi- 


DNA 


0.0034 mg/mg 


0.037 mg/mg 


0.09 


Tankersley 


murium UTi 3 




protein 


protein 


(1970) 


E. coli 


RNA 


V'jO mg/mg 


0.32 mg/mg 


1.1 


Adler et al. 






protein 






(19o7) 






52 mer/fif wet 




u.yj 








weight 






I CHEN (1 90o) 






0.43 mg/mg 


0.475 me/me 

* * J Of 0 


0 91 


Black f 1 ofi7i * 




DNA 


protein 


protein 




Silverman / iofi7\ 




< 0.001 mff/mer 


0.06 mp/mp 




A FiT T7"D A*f Q 1 
AJJl.£,K CL oil. 






protein 


protein 




(1967) 






0.15 rng/g wet 


5-2 mg/g wet 


0.029 


Michaels and 






weight 


weight 




Tchen (1968) 




putrescine 


0.05 moles/ 


0.06 moles/ 


0.84 


Michaels and 






moles ribotide 


moles ribotide 




Tchen (1968) 




spermidine 


0.017 moles/ 


0.006 moles/ 


2.8 


Michaels and 






moles ribotide 


moles ribotide 




Tchen (1968) 



methylated albumin kieselguhr columns and determined that the ratio rRNA/ 
tRNA was essentially the same in minicells (5.2) as in cells (5.6). Michaels and 
Tchen (1968) examined the polyamine content of cells and minicells in order 
to determine whether the polyamines are preferentially associated with DNA. 
The total polyamine content was 0.14 moles iV/mole RNA phosphate in cells 
and 0.15 in minicells, which showed that polyamines are not preferentially 
associated with DNA. When the polyamines were considered separately, it 
became apparent that the content of spermidine is enriched 2.8-fold in minicells. 
It would be interesting to know if the pathway for the synthesis of putrescine 
and spermidine is functional in minicells and to determine whether the enrich- 
ment for spermidine in minicells is due to subcellular compartmentalization or 
to differences in spermidine turnover in minicells compared to cells. 

Alberts and Frey (unpubl. results cited in Alberts, 1970) examined 
by DNA-cellulose chromatography E. coli cells and DNA-deficient minicells for 
the relative levels of the more than 15 proteins that bind tightly to double- 
stranded E. coli DNA. Much lower amounts of these proteins were observed in 
minicell extracts, suggesting that these proteins, which include DNA and RNA 
polymerases, are associated with the chromosomal region of the cell in vivo. 
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E. Distribution of Enzymes in Minicells Compared to Cells 

Most of the data available on enzyme activities in minicells have been ob- 
tained with the E. coli system and are presented in Table 2, which has been 
compiled from two sorts of studies: (1) determinations of the specific activities 
of various enzymes in cells and DNA-deficient minicells of E. coli by Adler 
et al. (1967), Silverman (1967), Hurwitz and Gold, and Setlow and Cohen 
(both cited in Cohen et al., 1968b), Dvorak ct al. (1970), Wickner et al. 
(1972), and RoGERSON and Stone (1974) ; (2) studies of the biological properties 
of plasmid-containing minicells from which the presence or absence of a number 
of enzyme activities in minicells may be inferred (also see Sect. IV.). Enzymes 
are grouped in Table 2 either by their location in one of two subcellular com- 
partments (i.e. the periplasmic space or cytoplasm) or by their association with 
RNA or DNA metabolism. The specific activities of various enzymes in mini- 
cells and cells are not given in Table 2, instead, the ratios of the specific activity 
in minicells to the specific activity in cells have been computed and included in 
the table. Hence, a number greater than unity is obtained if the enzyme level 
(i.e. specific activity) is higher in minicells than in cells, while a value less than 
unity is obtained if the enzyme activity level is lower in minicells than in cells. 

The periplasmic space is defined as the region between the outer membrane 
of the cell envelope and the inner plasma membrane and enzymes located in 
this space are released from cells by osmotic shock or by forming spheroplasts. 
Dvorak et al. (1970) attempted to use minicells to determine whether enzymes 
located in the periplasmic space are concentrated at the polar region of the cell 
in so-called polar caps. The results presented in Table 2 indicate that all 
enzymes in the periplasmic space have a higher activity in minicells relative to 
cells for minicells obtained from log- or stationary-phase cultures, except ribo- 
nuclease I which has a higher relative activity in minicells from log-phase 
cultures and a lower activity in minicells from stationary-phase cultures. For 
the cytoplasmic enzymes assayed in this study (i.e. £-galactosidase, glutamine 
synthetase, inorganic pyrophosphatase, polynucleotide phosphorylase and ribo- 
nuclease II) the specific activities in minicells were 0.7 to 1 times the specific 
activities in cells. It should also be noted that the relative specific activities of 
0-galactosidase obtained by two different laboratories show good agreement 
(Adler etal., 1967; Dvorak etal., 1970). It is interesting that although 
5 '-nucleotidase was enriched in the periplasmic space of minicells, the cyto- 
plasmic inhibitor of 5 '-nucleotidase was very low in minicells. Dvorak et al. 
(1970) concluded that periplasmic enzymes are generally enriched at the poles 
of cells. However, this conclusion is open to some reinterpretation because en- 
zymes in the periplasmic space should have a higher specific activity in mini- 
cells since the surface-to-volume ratio is higher for minicells than for cells, as 
can be calculated from -the average dimensions of E. coli minicells (0.70 am 
diameter) and cells (2.8 x O.83 am) determined by electron microscopy (Fra- 
zer and Curtiss, 1973). Hence, the surface-to-volume ratio for minicells is 
8.6 am- 1 and that for cells is 5.5 am- 1 , which demonstrates that the surface-to- 
volume ratio for minicells is 1.5 times that of cells. Therefore, the ratio of 
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region. It is evident torn the datin UU t T° T" * "* ^ 
ratio of miniceU to cell activity greater tha M < » £ P^plasmic enzymes a 
<W0) only for 5 '-nucleotidase £3 acM hexoseT ^ DV ° EAK et a1 ' 

log-pha S e cultures and for cydicphosoio^r ph ° Sphatase » mi "'«lls from 
Phase cultures. The v B ^ fa P £K£^£™' Nonary- 
ture age are interesting and suggest that S ^ 

components f^S^^TTi^ age"* - 

subcellukr distribution on li lTZ uStrT t^T iii<mat 
phatase is in the periplasm* Z^ll^l „ T ° f ' hem: aUtaline P hos - 
activities might b< J distrftuTed ™1 f , deh 5' dr °S M »* ! ™d ribonuclease 
and ^J,; ono ^^^l^ OUe mt l eUS ' ind """^nuclease 

The periplasmicTuy Sh^T^SjM"? f P ° ,a < °< 
minicells relative to cells (7.3) in Ze exoeril^ t J*' WaS qU " e hi « h in 
the data of Dvorak et .1 iTJT P T mentsan d indicated, in contrast to 

Glycerol dehyC » fwas' 1°^°° " *« P°'- 

cells and, since aging studies shoved thSt * miniCeI,S than in 

for at least 24 h ^4° C (sit in r TIT' ™ S S,able in 

miniceUs reflects thi ^^he ""^ ^ » 

that SX^tSl^ WM <° 
Total deoxyribonuclease actMtv ™ erentnbon »d^s were not determined, 
which is inLrlfpaS 

miniceUs than to cells. ^ w£^Tt5£T£ T^™" '°" W 
have DNA as their substrate (Hurwitz and Gold dteH ? Which 

to„ Ri ^ s and S ^Hs^onTe 0 ' 5 " ^ ^ * KHACHA " 

thymidtoe to ?^oX^^ \%~Tj TT 
containing minicells. TMP appeared within i 5 sec * ^ P , d " 
genous thymidine to DNAsiefldent orriasmM ™L d "'° n ° f ex °" 

and TTP appeared between an > s « T ° h ! tainm S — ^nd TOP 
thymine into nucleotides wasloweven in ^^ f ^^T. 01 ex,SB,0U " 
interesting enough, the amount oH^t^lZtu 
in plasmid-contaim'ng miniceUs than in DMA 7 4 mes lu S her 

can. that most exogenous thym dt Z Z^^^l' " T*" 
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conversion. It would be of interest to know the metabolic fate of exogenous 
thymine or thymidine in minicells from thy- strains. Studies on the conversion 
of uracil and undine to nucleotides have not been reported. 

A great deal of interest has been focused on the DNA-dependent RNA 
polymerase activity of minicells. Hurwitz and Gold (cited in Cohen et al 
1968 b) showed that the level of this enzyme is extremely low in DNA-deficient 
minicells and the deficiency of RNA polymerase in these minicells was further 
indicated by the observation of Fralick et al. (1969) and Fralick (1970) that 
DNA conjugally transferred into minicell recipients was not transcribed into 
RNA nor was protein synthesized. Fralick et al. (1969) showed that extracts 
from DNA-deficicnt minicells were capable of supporting in vitro protein syn- 
thesis when provided with an artifical poly(U) message and thus that the de- 
ficiency of minicells in RNA synthesis after conjugation was due primarily to 
the absence of RNA polymerase. The exciting observations that plasmid- 
contammg minicells are proficient in RNA and protein synthesis (see Sect IV 
G.) indicated that active RNA polymerase molecules might be closely as- 
soaated with plasmid DNA and segregate with plasmid DNA into minicells. 
Levy (1 971 a) examined the question of whether the RNA polymerase activity 
associated with plasmid-containing minicells was of host-cell origin or encoded 
by the plasmid genome in a manner analogous to some bacteriophages. For 
example, T3 and T7 phages specify the synthesis of a new RNA polymerase 
resistant to rifampin (a semisynthetic derivative of rifamycin SV, also known 
as nfampicin) unlike the drug-sensitive wild-type E. coli RNA polymerase of 
host cells. Levy (1971a) used the plasmid R222 (i.e. R100) and examined the 
rifampin sensitivity of plasmid-specific transcription in minicells purified from 
miniceU-producing strains that were sensitive, resistant, or partially resistant 
to 100 [Ag/ml of rifampin. No differences between cells and minicells in sensi- 
tivity to the drug were apparent with rifampin-sensitive or -resistant strains. 
However, in strains partially inhibited by 100 ^g/ml, it was observed that 
minicells were more sensitive to rifampin (i.e. incorporation was inhibited by 
80%) than were cells (i.e. inhibited by 50%). The interpretation of all these 
results was that plasmid transcription is carried out by host RNA polymerase 
although there may be some subtle differences between the plasmid and the 
E. colt chromosome with respect to the interaction of RNA polymerase and 
DNA. Rogerson and Stone (1974) have examined DNA-deficient and plasmid- 
containing minicells for the presence of 0 and 0' subunits of RNA polymerase 
by SDS polyacrylamide-gel electrophoresis of whole-cell extracts and have 
shown that these two types of minicells contain similar amounts of these sub- 
units. The authors feel that this observation supports the concept indicated by 
the work of Matzura et al. (1973) and Dalbow (1973) that some sort of inactive 
RNA polymerase is present free of DNA in cells and consequently is found in 
DNA-deficient minicells. Cornett and Reeve (1974) have shown that B. sub- 

Mis divIV-B DNA-deficient minicells infected with the phage SP01 synthesize 
de novo RNA and protein (see Sect. V.). These observations indicate that these 
a. subtihs minicells. in apparent contrast to E. coli minicells, may contain active 
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RNA polymerase. Alternatively, the SP01 phage may inject either a sigma 
factor to activate existing 0 and p subunits or an intact functional RNA poly- 
merase. r 1 



In addition to RNA polymerase, Hurwitz and Gold (cited in Cohen et al 
1968 b) also assayed RNA methylase, DNA methylase, DNA ligase and DNA 
polymerase I activity in DNA-deficient miniceUs. DNA methylase activity was 
very low, if present at all in minicells, indicating that this enzyme may be 
closely associated with DNA and thus have a distribution apparently similar 
to that of functional RNA polymerase. DNA methylase activity has not been 
determined m plasmid-containing minicells. RNA methylase and DNA ligase 
appeared to be distributed randomly throughout the cell like j?-galactosidase 
while DNA polymerase I appeared to have a distribution like that observed for 
glycerol dehydrogenase by Silverman (1967), indicating that DNA poly- 
merase I is not restricted to the chromosomal region of a cell. Other indications 
that DNA ligase and DNA polymerase I are present and functioning in minicells 
comes from various studies with plasmid-containing minicells which are treated 
in detail later in this review (Sect. IV.). Wickner et al. (1972) have demon- 
strated that DNA-deficient minicells also contain DNA polymerase II, which is 
present at half the specific activity observed in cells. As in cells, the level of 
DNA polymerase II in minicells is about 10% of the total activity due to DNA 
polymerase I and II. Thus, the great similarity between DNA polymerases I 
and II in their subcellular distribution suggests a role in repair processes for 
DNA polymerase II by analogy with DNA polymerase I (Wickner et al., 1972) 
Photoreactivating enzyme was not detectable in DNA-deficient miniceUs by 
direct assay (Setlow and Cohen cited in Cohen etal., 1968b); however, 
plasmid-containing miniceUs are capable of light repair of UV-irradiation 
damage at half the rate observed in cells (Paterson and Roozen, 1972 b). 
Hence the presence of this enzyme, like active RNA polymerase, may depend 
on segregation to miniceUs in association with plasmid DNA. Studies on 
plasmid-containing miniceUs and their repair capacity after ionizing and UV- 
lrradiation indicate that miniceUs can repair many kinds of damage (see 
Sect. IV. E.); however, UV-endonuclease activity is apparently very low even 
in plasmid-containing miniceUs. 

A variety of deoxyribonuclease activities seem to be present in DNA- 
deficient and plasmid-containing miniceUs. Silverman (1967) demonstrated by 
direct enzyme assay that deoxyribonuclease activity was present in DNA- 
deficient miniceUs although at about 10% of the level found in ceUs. The 
presence of deoxyribonuclease activity in DNA-deficient minicells has also been 
demonstrated in studies on the degradation of DNA transferred to miniceU re- 
cipients after conjugation (Sheehy etal., 1972b; Sheehy, 1972; Khacha- 
tourians et al., 1972, 1974) as described more fuUy in Sect. VI. B. 1. Pater- 
son and van Dorp (1974) have done a comparative study of the ATP-dependent 
exonuclease V activity (encoded by the recB and recC genes) in DNA-deficient 
miniceUs and miniceUs containing either the plasmid R64-11 or Xdv (this latter 
strain was also recA~). Exonuclease V activity in DNA-deficient miniceUs was 
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approximately the same as observed in cells while the activity in plasmid- 
contaimng minicells was significantly lower. It was suggested that plasmid DN A 
might compete with the 32 P -labeled DNA used in the enzyme assay and thus 
spuriously lower the observed activity. Some interesting work has been done 
on deoxynbonuclease activities in plasmid-containing minicells following treat- 
ment with cohcmE2 (Khachatourians and Riddle, 1973, and discussed in 
Sect. IV. F.). With the exception of exonuclease V, specific deoxyribonucleic 
activities have not been assayed in DNA-deficient or plasmid-containing mini- 
cells and there is no information yet on whether some of these enzymes segregate 
to minicells with plasmid DNA. 



F. Membrane and Cell Wall Biosynthesis 

Minicells as a preparation of cell ends have been used to compare the distri- 
bution of membrane markers in polar regions of the cell as opposed to the 
Distribution in whole cells. Two complementary studies (Wilson and Fox 
11971 ; Green and Schaechter, 1971, i 9 72) utilizing this approach support a 
disperse model of membrane synthesis for E. coli in which membrane units 
appear to be synthesized throughout the membrane. 

Green and Schaechter (1972) using x m examined the dilution of mem- 
brane markers with time. A culture was prelabeled for more than a generation 
with a marker for either membrane phospholipid ([2-3H]gIycerol) or a mem- 
brane protein (the heme precursor, [*H]^aminolevaHnic acid) in the presence 
of a steady-state protein label (["C]histidine) that was subsequently main- 
tained throughout the experiment. Minicells and cells were separated and most 
of the cells reincubated for further growth in the absence of membrane label 
Growth was continued for up to $ generations with 3 to 5 additional cycles of 
separating newly formed minicells and reincubating the cells. The decrease in 
the ratio of 3 H/ 14 C with time was exponential and the rate of dilution of 3 H 
counts was the same for minicells and cells regardless of whether membrane 
phospholipid or membrane protein had been labeled. At any given time the 
ratio of «H/"C was higher for minicells than for cells. This is expected since 
minicells have a surface-to-volume ratio approximately 1.5 times higher than 
cells. When the experiment was repeated with a pulse of [2- 3 H]glycerol and the 

Tr^!f£ arated ^ after 0ne f ourth of a generation, a constant decrease 
m the H/"C ratio was still observed (Green and Schaechter, 1971, 1972) 

Wilson and Fox (1971) prepared a derivative of * 9 25 that is lac+ and bgl+ 
(i.e has the capacity for /?-galactoside and 0-glucoside utilization) for their 
studies and did two kinds of experiments. First they observed the distribution 
01 wnole-membrane protein when cultures were prelabeled with [ 3 H]isoleucine 
oelore separating minicells and shifting the cells to medium with P«C]isoleucine 
ior further growth. At various times minicells weie isolated and most of the 
cells reincubated. Membrane fractions were prepared by sonication and dif- 
ferential centnfugation. The W cpm/ug membrane protein for either *H or "C 
were identical for miniceU and cell membranes at a given time. Thus the 



FROM BIOMEDICAL INFORMATION SERVICE (TUE) 9. 18' 01 10:52/ST. 1 0 : 3 8/NO. 48 6 2 64 1 9 74 ? 29 



24 



A. C. Frazer ajid R. Curtiss III; 



cbstnbution of total membrane proteins is the same in cells and minicells. The 
second experiment examined the, distribution of two specific permeases The 
culture was preinduced only for ^-glucoside transport, minicells and ce£ were 
separated and the cells shifted to a medium to induce exclusively Agalactosis 
tran Spor t. As before, minicells were separated at various times and most of the 

^lrZ nC ft te \ Th : f 10 °J tranSP ° rt aCdvity t0 that 0f the correspond ng 
aid c U ' ^--^galactosidase) was observed for minicellf 

h « / atl ° S f0f ^ lucoside and /^lactoside transport systems 
were different from each other but constant in minicells and cells throughout 
tne experiment. This supports the concept that permeases are distributed as 
randomly in the membrane as soluble cell protein is in the cell. The ratios of 
transport to enzyme activity were the same for minicells and cells, in contrast 
to tne lngher ratio of membrane components to total protein observed for 
minicells by Green and Schaechter (1 9 72). This discrepancy does not in- 
validate the conclusion drawn by Wilson and Fox (1971), rather the results 
indicate the inapplicability of their assumption that the distribution of a 
specific enzyme m minicells is the same as the distribution of soluble cell protein 
in particular, it has been demonstrated that the activity of /?-galactosidase can 
be lower m minicells than in cells (Adler et al., 1 9 67; Dvorak et al 1Q 70 - 
Table 2, p. 17). ' y ' 

It is evident that minicells could be profitably used to examine the distribu- 
tion of many other specific plasma-membrane and cell-envelope components 
that may partition differently between the ends and cylindrical regions of rod- 
shaped cells. Indeed Teather and Goodell have evidence that some proteins 
ol the outer membrane of the cell envelope in E. coli are different at the cell 
poles and the cylindrical regions of cells (cited in Donachie, 1973 • no state- 
ment was made as to whether minicells were utilized in this study) Reeve and 
Mendelson (1973 b) described the adsorption of the phages SP01 SP17 and 
<t>29 'to minicells of B. subtilis (see Sect. V.) and suggested that miniceU systems 
could be used to screen ior phages with adsorption sites located exclusively in 
polar regions or cylindrical regions of cells. 

In addition, minicells and minicell-producing strains promise to be quite 
useful in testing various hypotheses of cell wall synthesis and organization 
Schwarz and Asmcs (!9o9) used low levels of penicillin (10-50 units/ml) to 
obtain specific interruption of cell septum formation in E. coli such that instead 
of septa, bulges were produced. With a minicell-producing strain, in contrast to 
other strains, cell bulges were often displaced to cell poles. E. coli minicell- 
producing strains that require the specific cell wall component, diaminopimelic 
acid, can be prepared ^F^er, unpubl.; see Appdx II. B. 4., and Table 4) and 
should be useful in srudies of cell wall biosynthesis. Mendelson and Reeve 
(1973) have studied growth zones for cell elongation in B. subtilis strains that 
are tag-1 (i.e. form a thickened, irregularly shaped, teichoic acid-deficient cell 
wall resulting m Rod" :::orphology at the nonpermissive temperature) and also 
either divIV-A- or d:v! V-B-, and which therefore produce filamentous minicell- 
forming cells. Careful crowth studies have shown that at the nonpermissive 
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temperature the Rod" morphology is produced only in regions of the cell wall 
undergoing elongation and that regions of Rod+ morphology are conserved 
Septation occurs in both Rod" and Rod+ cell wall regions so that minicell 
production continues at the nonpermissive temperature. The earliest site of 
cell elongation is subterminal and any possible relationship between this site 
and minicell formation remains obscure. 



G. Membrane Transport Studies Using Minicells of E.coli and B. subtilis 

Valine et al. (1972) demonstrated that E. coli DNA-deficient minicells 
transport [ 3 H]leucine into minicells, presumably by active transport, although 
this point has not been tested. This membrane function, as well as many other 
cell functions, is blocked by the action of T4 bacteriophage ghosts on cells 
Treating minicell suspensions with T4 ghosts at a multiplicity of infection of 
3 for three minutes before adding [^HJleucine resulted in almost complete 
inhibition of leucine transport, showing that at least one effect of T4 ghosts on 
cells occurs in the absence of chromosomal DNA. 

Reeve and Mendelson (1974) have studied the capacity of B. subtilis 
minicells to transport labeled uracil, thymine and 12 different amino acids 
The uptake of amino acids in B. subtilis cell suspensions was linear and most 
of the label found in cells was acid-precipitable. In contrast, the transport 
observed with minicells was biphasic with an initial rapid rate followed by a 
very slow rate of accumulation. Furthermore, essentially no acid-precipitable 
label was present in minicells. The soluble amino acid pool sizes were different 
for minicells and cells. The pool size was larger in minicells for methionine, 
histidine, proline, valine and glutamic acid, but smaller in minicells for aspartic 
acid, alanine, phenylalanine, isoleucine, arginine, glycine and serine. The rate 
of amino acid accumulation was higher for cells than for minicells and in some 
instances the difference in rates was quite marked; for example, cells had a 
rate of arginine uptake that was about 14 times higher than minicells. These 
quantitative differences between the transport capabilities of minicells and 
cells may reflect a diversity in the subcellular location of various transport 
systems as between polar and cylindrical regions and/or differences in turnover 
among the various transport systems. More detailed studies on the transport 
and maintenance of a pool of proline in minicells indicated that energy metabo- 
lism ts required for both processes, since azide or iodoacetate inhibited transport 
and resulted in the slow loss of proline from preloaded minicells. It was also 
established that minicells concentrated proline so that the internal proline 
concentration was 150 times higher than the external concentration and that 
internally accumulated proline was accessible to an energy-dependent exchange 
with exogenous proline or glutamic acid, but not with exogenous arginine 
Minicells also were shown to transport uracil in a manner similar to the amino 
acids whereas thymine was not transported. In a separate study, Reeve and 
Mendelson (1973 a) demonstrated that treating B. subtilis cells or minicells 
with pronase at a concentration that has no effect on cell growth (250 y.g/ml) 
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gnificantly decreased the rate of uptake of labeled proline or isoleucine and 
afco resulted in the release of amino acid from prelabeled cells or minicells. The 
kinetics of release of accumulated amino acid was different for minicells and 
cells. Maximum release from minicells occurred within 10 rain, after which the 
new plateau remained constant; the amount of label released was different for 
the wo ammo acids, i.e. 3 5 % of the labeled proline was released vs. 65% of the 
hbeled isoleucme. By contrast, the loss of label from cells was continuous and 
gradual, although ammo acid continued to be incorporated into acid-precipi- 
table material, indicating that soluble amino acid pool sizes were decreased in 
cells as well as in minicells. Reeve and Mendelson (l 9 7 3 a) suggest that these 
results are consistent with the hypothesis that pronase treatment releases 
ammo acid-binding sites from the surface of B. subtiUs cells and minicells and 
therefore is potentially very useful for studying binding proteins of gram- 
positive organisms. Recently Mendelson et al. (l 9 74) reported that minicells 
of B. subHhs form protoplasts after treatment with lysozyme and that these 
mimcell protoplasts concentrate proline against a concentration gradient 



IV. Studies of Plasmid-containing Minicells 
A. Discovery and Proof that DNA Present in Minicells of 
Plasmid-bearing Strains is Plasmid DNA 

The discovery that plasmid-containing minicell-producing strains form 
minicells containing the same plasmid as parent cells was reported by several 
laboratories in 1970 (Inselburg, 1970; Kass and Yarmolinsky 1970- Roozen 
etal 1970; Levy, 1970; Levy and Norman, 1 9 70). These discoveries were 
based on the preliminary observations that minicells from plasmid-containing 
strains grown for numerous generations in the presence of radioactive thymidine 
or thymine contained much more acid-insoluble label than did minicells from 
nonplasmid-contaming strains (Inselburg, 1 9 70; Kass and Yarmolinsky 
1970; Levy and Norman, 1 9 70; Roozen et al., 1970, 1971a, c; Cohen et al.' 
1971a, b; Kool et al., 1972). The labeled material in these minicells could be 
confirmed as DNA by its susceptibility to deoxyribonuclease (Kass and Yarmo- 
linsky, 1970; Roozen etal., 1971a; Levy, 1971a). Many different physical 
biochemical and biological techniques have been used to characterize the DNA 
in these minicells and to prove that it is plasmid DNA. 

1. Enrichment for Supercoiled DNA in Minicells 
Physical characterization of the DNA present in minicells from plasmid- 
bearuig strains generally indicates that a significant percentage is composed 
of supercoiled. covalently closed, circular (CCC) DNA, a form of DNA known to 

* Trr?™^ FlaSmidS (S6e CL0WES ' 4972 >- before, the demonstration 
that tCC DNA is enriched in minicells compared to cells and is absent from 
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DNA-deficient miniceUs is good evidence that the miniceU DNA is plasmid 
DNA. The presence of CCC and other forms of DNA may be demonstrated on 
three types of gradients that are summarized below. 

a) CsCl-ethidium bromide buoyant density-gradient centrifugation distin- 
guishes among three types of DNA structures by means of the differential 
binding of ethidium bromide (Hudson and Vinograd, 196/) : CCC DNA bands 
at the highest density, catenated DNA composed of interlocking CCC and open 
circular (OC) DNA molecules bands at intermediate density, and double- 
stranded linear and OC DNA band at the lowest' density. 

b) Neutral sucrose velocity sedimentation distinguishes among DNA species 
by differences in size and shape, and four classes of DNA species can be de- 
monstrated (Hudson and Vinograd, 1969): catenated molecules sediment 
most rapidly, then CCC monomers, then OC monomers, and finally linear DNA. 

c) Alkaline sucrose velocity sedimentation distinguishes between CCC DNA, 
which forms a compact structure in alkali and therefore sediments rapidly' 
and denatured single-stranded DNA, which may be derived from OC DNA or 
sheared linear DNA (Freifelder, 1968). 

The percentage of CCC DNA recovered from purified minicells of plasmid- 
bearing strains labeled during growth is at least 20 times higher than that 
obtained from cells, except for minicells containing F and F' plasmids in which 
very little CCC DNA has been demonstrated (Kass and Yarmolinsky, 1970; 
Roozen, 1971). The small amount of DNA derived from a purified minicell 
preparation of the DNA-deficient strain X 92S consists of linear molecules with 
no CCC DNA present (Cohen et al., 1971 b; van Embden and Cohen, 1973). 
CCC DNA has been demonstrated in minicells produced by cells containing: 
(a) repressed and derepressed conjugative class-1 R plasmids (i.e. two replicons 
contain transfer and resistance determinants that are covalently linked to 
form a cointegrate) (Clowes, 1972; Levy and Norman, 1970; Roozen et al.. 
1971a; Cohen et al., 1971b; Levy, 1971a, b); (b) a class-2 R factor (i.e. re- 
plicons contain transfer and resistance determinants that are not covalently 
linked) consisting of the transfer plasmid I and the tetracycline-resistance 
plasmid 21 9 or bearing just the 21 9 plasmid (van Embden and Cohen, 1973) ; 
(c) both nonconjugative and repressed and derepressed conjugative bacterio- 
cmogenic plasmids (Inselburg, 1970; Roozen et al.,1971 a; Kool et al., 1972) ; 
(dHhe Uv plasmid (Roozen et al., 1971c; Roozen, 1971). The percentage of 
DNA found in the supercoiled form varies somewhat with different plasmids 
(Roozen et al., 1971 a) as well as with the lysis and centrifugation techniques 
employed. For example, Inselburg (1970) found 15% of ColEl in the CCC 
form by CsCl-ethidium bromide centrifugation but 80% by neutral sucrose 
sedimentation. The low percentage of CCC DNA observed with F- and F'-con- 
tairung minicells remains unexplained (see Sect. VI. C. of this review for further 
discussion). The demonstration that minicells contain CCC DNA does not 
establish the identity of that DNA with the plasmid contained in parent cells, 
and additional techniques have been used to prove this identity. 
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2. Sedimentation Coefficients and Contour Lengths of DNA 

from MiniceUs 

Inselburg (1970) demonstrated that the DNA extracted from purified 
minicells obtained from a continuously labeled culture had an s value in neutral 
sucrose gradients that was very similar to the 5 value reported for ColEl super- 
coiled DNA (24S). It was subsequently shown that the contour length of C0IE1 
DNA from minicells was 2.31 ±0.06 (Inselburg and Fuke, 1970) which 
agreed with the previously determined contour length of 2.33 ±0.06 jxm for 
ColEl DNA from cells. Inselburg (1971) has also demonstrated that the 
s value and contour length of DNA from R222 (i.e. R100) plasmid-containing 
minicells are the same as those found for R222 DNA obtained from cells Cohen 
et al. (1971 a) analyzed the.peaks obtained with CsCl-ethidium bromide centri- 
fugation of DNA extracted from minicells for their sedimentation properties in 
neutral sucrose and found s values consistent with those expected for the CCC 
and OC DNA forms of the R6(3) plasmid contained in parent cells, van Emb- 
DEN and Cohen (1973) demonstrated that the DNA extracted from purified 
minicells of a strain containing the class-2 R plasmid aggregate (I +21 9) had 
the same sedimentation pattern as DNA from another strain (W3110N) carry- 
ing this class-2 R plasmid aggregate, i.e. there were three peaks evident with 
approximate values of 60S, 42S, and 27S. DNA extracted from minicells of a 
strain containing only the 219 plasmid exhibited just one peak at about 27S 
on neutral sucrose gradients. Kool et al. (1972) demonstrated that the CCC 
DNA obtained from minicells of a Clo DFl3-containing strain on CsCl-ethi- 
dium bromide gradients was composed of two sizes of DNA, i.e. 24S and 18.6S, 
by neutral sucrose sedimentation. It was further demonstrated that the 18.6S 
species is derived from the 24S species by treatment with deoxyribonuclease I 
(pancreatic) and that the contour length of Clo DF13 DNA by electron micro- 
scopy in minicells and cells is 3.1 ±0.2 fzm. 

The 5. typhitnurium minicell producer has two cryptic plasmids, a large 
plasmid (130 X 10 6 daltons) and a small plasmid (2.5 x 10 8 daltons). Only the 
small plasmid is found in minicells as observed by electron microscopy of the 
CCC DNA fraction of purified minicells isolated from CsCl-ethidium bromide 
gradients (Sheehy et al., 1973 a). In spite of the fact that R- Salmonella mini- 
cells contain cryptic plasmid DNA, some significant information about R plas- 
mid biology has been obtained using these minicells. Both RlOO-l and R64-11 
DNA segregate to these minicells. Furthermore, it has been determined by 
neutral sucrose sedimentation and electron microscopy that three species of 
R plasmid RlOO-l DNA are present in minicells: (a) the composite R plasmid' 
and its two dissociated parts, (b) the replicon containing the genes for conjugal 
transfer, (c) the replicon containing the genes for antibiotic resistance (Sheehy 
et al., 1973 b). The dissociated forms are not found in E. coli. The frequency of 
the small cryptic plasmid in these S. typhimurium minicells is increased 3 -fold 
in the presence of R100-1, indicating either that the replication of the cryptic 
plasmid is stimulated under these conditions or that it segregates more fre- 
quently into minicells as they are produced. 
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3. Hybridization of Minicell DNA to DNA from Plasmid-containing CeUs 
Levy (1971 a) has presented DNA-DNA hybridization data to prove the 
identity of R222 DNA extracted from R + minicells with the DNA from £ loti 
cells containing the same R plasmid. At least 95% of the DNA isolated from 
minicells is plasmid DNA by this test. Some degree of homology was indicated 
by hybridization between the two R plasmids, 222 and N- 3 . " T he amount of 
hybridization of minicell DNA with R- E. coli DNA was only 4%. 

4. Recovery of Plasmid Markers from Minicells by Conjugation, 
Transduction, and Transformation 
Biological proof that the DNA in minicells is plasmid DNA has been ob- 
tained by conjugation, transduction, and transformation. Kass and Yarmo- 
linsky (1970) centrifuged F gal* containing minicells through a sucrose gra- 
dient and tested fractions of the gradient for donor ability. The profile of donor 
ability paralleled the OD profile for minicells. Purified F' gal* (^/^-con- 
taining minicells were good conjugal donors of the plasmid marker gal* but in 
contrast to F'-containing cells, these minicells did not transfer chromosomal 
markers. Similar results have been obtained by Roozen et al. (1971a) with 
?f ' and F KLF -1 -containing minicells. Minicells containing either R64-11 
or Col-^+ plasmids were also effective conjugal donors of the plasmid, although 
the frequency of transfer by both cells and minicells was much lower than for 
F -containing cells and minicells (Roozen et al., 1971a). Levy and Norman 
(1970) have demonstrated that minicells containing the R plasmids 222 or N- 3 
have the same transfer efficiency as cell donors. However, some other R plas- 
mids transfer less efficiently with minicells as donors than with cells (Levy and 
Norman, 1970). 

Curtiss (unpubl.) purified minicells from a strain carrying the CoUrt* 
plasmid by differential centrifugation at 37 c C and infected them with PI trans- 
ducing phage. Infected minicells were then further purified on a sucrose 
gradient and 0.3-ml fractions of the gradient were collected into tubes con- 
taining 1 ml L broth, incubated 3 h and assayed for PI plaque forming units 
and transduction of a thr~ fiurE- trfr strain to Trp+ Thr+, and PurE+ No 
transductants for the chromosomal markers thr* and purE* were observed while 
low numbers of Trp+ transductants were found. The profiles for plaque forming 
units and for Trp+ transducing phage followed the OD profile for minicells from 
the gradient. 

Cohen et al. (1972) and Cohen and Chang (1973) used R plasmid-contain- 
ing minicells to prepare various forms of R plasmid DNA to use as transforming 
una in an E. coh transformation system. This study demonstrated that all 
the forms of DNA that can be isolated from minicells (i.e. catenated, CCC, and 

forms) are equally effective in transformation while sonicated or denatured 
. 18 not effective - li was father shown that the transformants produced by 
using plasmid DNA from minicells had all of the original genetic properties 
associated with the presence of the plasmid (drug resistance and/or conjugal 
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5. RNA and Protein Species Synthesized in Minicells 
Profiles of RNA and protein species synthesized in minicells depend on the 
plasmid contained (see Sects. IV. G. 2. and 3 .) and are distinct from profiles of 
cellular -RNA and protein species, indicating that the RNA and protein syn- 
hesized m minicells are plasmid-specific. It has also been shown that most of 
the RNA synthesized in these miniceUs will hybridize to plasmid DNA while 
only 2 /0 of the RNA hybridizes to E. coli DNA (Veltkamp et al. 1974) These 
are additional proofs that minicells from plasmid-containing strains contain 
much more plasmid DNA than do random fragments of chromosomal DNA. 

B. Mechanism and Frequency of Plasmid Segregation into Minicells 

Much evidence has been accumulated to prove that the plasmid DNA found 
in minicells from plasmid-containing strains gets there by some type of segrega- 
tion of plasmid DNA into the minicells prior to or during the time of their pro- 
duction, and not by conjugation, transduction, or transformation. Conjugation 
has been ruled out because: (a) the DNAs from the nonconjugative plasmids 
C0IE1 (Inselburg, 1 9 70), Xdv (Roozen et al., 1971 c), Go DF13 (Kool et al 
1972) and 21 9 (tetracycline-resistant) (van Embden and Cohen 1973) all get 
into minicells; (b) the amount of plasmid DNA in minicells is about the same 
or plasmids with both repressed and derepressed expression of conjugal fertility 
(Levy 1971b; Roozen. 1971; Roozen etal.. 1971a); (c) plasmid-containing 
minicells exhibit entry exclusion, which acts to block conjugal transfer of the 
same plasmid (Cohen et al.. 1967; Sheehy et al., i 9 72a, b); (d) miniceUs that 
receive smgle-stranded plasmid DNA by conjugation (Cohen et al. 1968a b) 
are unable to synthesize RNA and protein (Fralick et al. 1969 - Fralick 
1970) and are unable to convert this DNA to circular plasmid molecules (Fen- 
wick and Curtiss. 1973 a). Transformation is unlikely since the amount of 
plasmid DNA in minicells is the same when the culture is grown in either the 
presence or absence of deoxyribonuclease. Transduction seems an improbable 
mechanism since most of the miniceU-producing strains were not lysogenic for 
any known transducing phages and, furthermore, some of the plasmids found 

phases 106118 °° ntain m ° re be Carried by kn ° Wn transducin S 

The plasmids for which segregation into minicells of E. coli has been de- 
monstrated are listed in Table 3. Segregation of plasmids into minicells of 
S.typhmuntm has also been demonstrated for R100-1, R64-11 and for a 
cryptic plasmid (Sheehy et al.. 1973 a, b). A direct determination of the fre- 
quency of miniceUs that contain plasmid DNA by means of electron-micro- 
scopic autoradiography of minicells produced by cultures grown under con- 
ditions of steady-state labeling of DNA has not yet been reported. A minimum 
estimate can be obtained, however, by determining the frequency of minicells 
that are capable of acting as conjugal donors of derepressed conjugate 
plasmids On this basis, F' gal and F' gal (X) plasmids segregate into minicells 
at a low frequency, and Kass and Yarmolinsky (1970) estimate that only 1 % 
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Table 3 . Types of plasmids segregated into minicells of E. coU and a literature survey of 
P^ers describing and utilizing these Pla+ minicells V 



Plasmid ' 



Chromosome & References 



F' KLF-1 : F tkr+ ara+ leu+ 
F' ORF-207: F lac+ 
F'14: 

F ilv+ metE + me.iB+ argE+ argH+ 
F' KLF-41 : 

F argG+ aroE+ argD+ aroB+ mal+ 

F'8: F gal+ 

F'A: F gal+(AeI857) 

Rl : R drd* /*+ Cm Km Am Sm Su 

Rl-19: 

R drd fi+ Cm Km Am Sm Su 
R222 c : 

R drd* fi+ Cm Sm Su Sp Tc 
R222 c -R3: 

R drd* fi* Cm Sm Su 
Rl00 c : 

R drd* fi* Cm Sm Su Sp Tc 
R100-1: 

R rfitf /i+ Cm Sm Su Sp Tc 

R6-3^12: R drd fi* 
R64-11: R drd fi~ Sm Tc 



R64: R drd* fi~ Sm Tc 
R6K: R Am Sm 
R124: R fi* Tc 
R386 : R/*+ Tc 
RM98: R/i- Am 
CF-2: R Tc 
FRl : R Tc 

N-3: R drd* fx- Sm Su Tc 



925, 974 
925, 974 
925 

925. P4121 

P4121 

925 
925 

925, 984 
925, 984 
984, 925 thy 

984 
925 
925 

925 

925. 974, 984 



984 

925, 1411 

984 

984 

984 

984 

925 
984 



Roozen et al. (1971 a), Shull et al 
(1971) 

Roozen et al. (1971 a), Sheehy et al 
(1972b) 

Roozen- etal. (1971 a), Fenwick and 
Cuhtiss (1973a) 

Roozen etal. (l97ia),HoRi et al 
(1974) 

Hori et al. (1974) 

Kass and Yarmoltnsky (1970) 

Kass and Yarmolinsky (1970) 

Cohen et al. (1971 a, b), Levy and 
McMurry (1974) 

Roozen etal. (1971a), Levy (1971a) 

Levy and Norman (1970), Levy 
(1971b), Inselburg(i97i) ) Levy and 

McMURRY (19/4) 

Levy and McMurry (1974) 

Sheehy et aL (1972 b) 

Roozen et al. (1971 a), Sheehy et al. 
(1972b), Fenwick and Curtiss 
(1973a) 

Cohen et al. (1971 a, b) 

Roozen et al. (1971 a, b), Levy 
(1971 a), Shull et al. (1971), 
Sheehy etal. (1972b), Paterson 
and Roozen (1972b), Cohen etal. 
(1972), Khachatourians and 
Riddle (1973), Fenwick and 
Curtiss (1973a, b, c), 
Rogerson and Stone (1974) 

Levy And McMurry {1974) 

Macrina and Curtiss (unpublished) 

Levy and McMurry (1 974) 

Levy and McMurry (1974) 

Levy and McMurry (1974) 

Levy and McMurry (1974) 

Franklin and Foster (1974) 

Levy and Norman (1970), Levy 
(1971 a, b), Levy and McMurry 
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Table 3 (continued) 



Plasmid a 



219: Tc 

219: Tc J and I: 
transfer plasmid 

Co\-trp+: F ColVMB trp+ 



CoUrpA2: F ColVB trpA2 

Coi V drd+ 
Col B drd 
Col El 

Col DF13 



Uv 



Chromosome t> References 



925 
925 

925 



925 

925 
925 

925, 925 recA 
92 5 

925 recA 



Van Embden and Cohen (1973) 
Van Embden and Cohen (1973) 

Roozen et al. (1971a, b), Shull et al. 
(1972), Sheehy etal. (1972b), 
Frazer and Curtiss (1973), Fenwick 
and Curtiss (1973 a) 

Roozen et al. (1971 a), 
Frazer and Curtiss (1973) 

Roozen et al. (1971 a) 

Roozen et al. (1971 a, b) 

Inselburg (1970, 1972, 1973), 
Inselburg and Fuxe (1970, 1971) 

Kool etal. (1972, 1974), Veltkamp 
et al. (1974) Fuke and Inselburg 
(1972) 

Roozen et al. (1971c), Paterson and 
Setlow (1972), Paterson et al. 
(1973) 



• Markers encoded by plasmids listed below include drd+ t repressed donor ability drd 
derepressed donor ability; /:> inhibition of transmission of F; fi~, no inhibition of trans- 
mission of F; Cm, chloramphenicol resistance ; Km, kanamycin resistance ; Am, ampicillin 
resistance; Sm, streptomycin resistance; Su, sulphonamide resistance; So, spectinomycin 
resistance; Tc, tetracycline resistance. 
b Genotypes are given in Table 4, p. 64. 
c The Plasmid R222 is the same as R100. 



of the minicells contain these plasmids. Other F' plasmids (Viae and F'KLF-i) 
segregate into minicells at a higher level so that at least 1 5 to 20% of the mini- 
cells contain a plasmid (Roozen et al., 1971 a). Another, more practical way to 
infer the relative degree of plasmid segregation into minicells has been to 
determine the percentage of DNA in a culture of cells and minicells that is 
present in purified minicells. This percentage can vary from 0.08% in F'gal- 
and F'£a/(A)-containing minicells (Kass and Yarmolinsky, 1970) to. more than 
2% for N-3- and R222-containing minicells (Levy and Norman, 1970), and 
from 0.1 to 4% depending on whether the plasmid is an F, F', R or Col plasmid 
(Roozen etal., 1971a). If these values are used with the known molecular 
weights for the bacterial chromosome and the plasmid in question, it is th*.» 
possible to estimate the mean number of plasmid molecules per minicell. Thus 
the mean number of plasmid molecules per minicell is between 1 and 2 for most 
R and Col plasmids (Roozen et al., 1971 a; Levy, 1971 a, b), between 0.5 and 1 
for F' lac t F' 14 and F' KLF-1 (Roozen et al., 1971 a), and between 0.1 and 
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0.3 for F (Roozen et al., 1971 a). With regard to F segregation into minicells, it 
should be noted that initial attempts to demonstrate this were unsuccessful 
(Cohen et al., 1967). Dimers of the plasmid Xdv (9 x 10 6 da] tons) segregate into 
minicells (Roozen et al., 1971c) and since the percentage oi the total DNA in 
the culture found in these minicells is comparable to that found in R plasmid- 
containing minicells (Roozen, 1971 ; Houck and Curtiss, unpubl.), we 
estimate that there are 8 to 12 Xdv molecules per minicelL These calculated 
values for the mean number of plasmids per minicell are not, however, equal to 
the mean number of plasmids that segregate into minicells at the time of 
minicell division. Most plasmid-containing minicells are capable of DNA syn- 
thesis (see Sect. IV. D.) and thus the amount of labeled DNA present is the 
sum of the amount segregated into minicells and the amount of new DNA 
synthesized. It should also be emphasized that not all plasmids can segregate 
into minicells, e.g. it has not been possible to detect the segregation of either 
the PI prophage (Kass and Yarmolinsky, 1970; Roozen, 1971 ; Roozen et al., 
1971 a) or the 130 X 10 6 dalton cryptic plasmid in the 5. typhtmurium minicell 
producer (Sheehy et al., 1973 a). 

The segregation of F and F' plasmids into minicells contradicts the concept 
of strict cosegregation for F and the bacterial chromosome. Kass and Yarmo- 
linsky (1970) point out that strict cosegregation has been obtained when F' 
plasmid replication is inhibited and chromosome replication is not inhibited 
(Cuzin and Jacob, 1965, 1967; Hohn and Korn, 1 969) , while independent 
segregation of F' plasmids into minicells has been demonstrated under con- 
ditions allowing replication of both F' and the chromosome. Hence, Kass and 
Yarmolinsky (1970) suggest that the seeming paradox between strict co- 
segregation and independent segregation of F' plasmids might be resolved by 
determining whether F' plasmids thermosensitive for replication can segregate 
into minicells at the nonpermissive temperature. 

The mechanism of plasmid segregation into minicells is not known. A high 
proportion of the plasmid DNA in minicells is membrane-associated as de- 
termined by use of the M-band technique (membrane-sarkosyl-magnesium 
crystals complex) as described by Tremblay et al. (1969). Levy (1971a) has 
demonstrated that 60-80% of the DNA from minicells containing R222 
(i.e. R100) is associated with the M band. Shull et al. (1971) found that 93% 
of R64-11, 78% of Col-ff/>+ and 79% of F DNA in minicells associates with the 
M band, while Houck and Curtiss (unpubl. results) have observed that 84% 
of R64-11 and 66% of Xdv DNA in minicells associates with the M band. Thus 
membrane association could be involved in plasmid segregation into minicells. 
Additionally, the number of plasmid copies per bacterial cell and the intra- 
cellular distribution of plasmids may be extremely important in segregation. 
It is therefore not clear whether the presence of a plasmid in minicells is due 
to residence of that plasmid at the extremities of the cell and its subsequent 
inclusion in minicells, or to replication near the pole of the cell and subsequent 
distribution to the minicell at the time of formation of the minicell septum. 
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C Use of Plasmid-containing Minicells as a Source of Plasmid DNA 

The fact that DNA in miniceUs from plasmid-containing strains is almost 
exclusively plasmid DNA warrants the use of minicells as an efficient way to 
punfy plasmid DNA, as originally suggested by Roozen et al. (1971 a). Indeed 
plasmid-containing minicells have been used as a source of purified plasmid 
DNA for electron microscopy of replicative intermediates including catenated 
DNA (Cohen et al., 1971a; Fuke and Inselburg, 1972), for transformation 
experiments (Cohen et al., 1972; Cohen and Chang, 1973), as a reference 
marker (Nakazawa and Tamada, 1972), and for use in DNA heteroduplex 
studies (Sharp et al., 1973). 



D. Replication of Plasmid DNA in MiniceUs 

1. Incorporation of [ 3 H]Thymidine by Plasmid-Containing Minicells 
The capacity of plasmid-containing minicells to incorporate [ 3 H]thymidine 
into DNA (Roozen et al., 1971a; Roozen, 1971 ; Levy. 1971a; Veltkamp 
et al., 1974) suggested that a number of plasmids in minicells could synthesize 
DNA by replication or repair pathways. Plasmid-containing minicells vary in 
the extent of [ 3 H] thymidine incorporated, e.g. ColV- and ^-containing mini- 
cells incorporate [ 3 H]thymidine to a level two times that of Col-trp+- and 
R64-11 -containing minicells (Roozen, 1971). Conclusions about the extent of 
replication in miniceUs containing different plasmids are difficult to evaluate 
on the basis of kinetics of incorporation curves alone, since minicells rapidly 
convert [ 3 H]thymidine (and probably its analogues) to an uncharacterized 
compound that is not incorporated into acid-insoluble material (Khacha- 
tourians, Roozen, Fenwick, Houck and Curtiss, unpubl.). Thus a better 
basis for comparing the extent of replication observed with different plasmids 
is the physical and biochemical characterization of the DNA synthesized by 
plasmid-containing minicells. 



2. Incorporation of [ 3 H]Thymidine into CCC DNA 
A significant percentage of the label incorporated into DNA in plasmid- 
containing miniceUs is in the CCC DNA fraction characteristic of plasmid DNA. 
This has been observed consistently with miniceUs containing ColEl (Insel- 
burg, 1970, 1973; Inselburg and Fuke, 1971), ColV (Roozen etal.. 1971a), 
R222 (Inselburg, 1971), Xdv (Roozen etal., 1971c; Roozen, 1971) and 
CI0DF13 (Veltkamp etal., 1974). It is probably significant that the per- 
centage of DNA observed as CCC DNA, by CsCl-ethidium bromide centrifuga- 
tion of rmnicell lysates obtained by a lysozyme-sarkosyl procedure, is higher 
when label is incorporated by purified minicell suspensions than when label is 
incorporated by growing cultures. With ColEl, 30 to 60% of the label incor- 
porated by minicell suspensions is found in CCC DNA, while only 15% of the 
DNA in minicells labeled during growth is in this fraction (Inselburg, 1970). 
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Similar data are available for ColV, for which 20% of the label incorporated 
in 30 min by purified minicells is found in CCC DNA, while only 11 % is found 
in this fraction when DNA is labeled before isolating minicells (Roozen et aL, 
1971 a). Inselburg (1970, 1971) has demonstrated that the label found in the 
CCC DNA fraction defined by CsCl-ethidium bromide or neutral sucrose 
gradient centrifugation has the characteristics of true CCC DNA. This DNA 
fraction synthesized by ColEl -containing minicells is rapidly renatured after 
alkali denaturation and is degraded from the 24S to an 18S form by limited 
digestion with deoxyribonuclease I (pancreatic) with the same kinetics as for 
ColEl CCC DNA (Bazaral and Helinski, 1968). The CCC DNA labeled in 
R222-containing minicells also is rapidly renatured after alkali denaturation 
but to a lesser extent than with ColEl (45 % rapidly renatures with R222 while 
75% rapidly renatures with ColEl). 

3. Proof of Semiconservative DNA Replication in Plasmid-Containing 

Minicells 

Experiments by Inselburg (1970, 1971) and Inselburg and Fuke (1971) 
have demonstrated that the newly synthesized DNA in minicells is probably 
due to semiconservative replication rather than to a repair process. After 
labeling in the presence of bromodeoxy uridine, a shift in the density of DNA 
on CsCl density gradients can be demonstrated to the half-heavy position after 

1 hour and to the heavy-heavy position after 3 hours for ColEl -containing 
minicells (Inselburg, 1970). A density shift was also demonstrated for R222- 
containing minicells but only to the half-heavy position after labeling for 

2 hours (Inselburg, 1971)- Thus, replicating ColEl can undergo two rounds of 
replication in minicells while replicating R222 undergoes only one round of 
replication. The fraction of plasinid DNA in minicells containing R222 and 
ColEl that is capable of replication is not known, and similar density shift 
experiments with minicells prelabeled before purification would be necessary 
to determine this point. Acridine orange prevented the shift in density in both 
ColEl- and R222-containing minicells (Inselburg, 1971) although, as dis- 
cussed by Clowes (1972), the relatively high concentration of acridine orange 
used (50 tig/ml) is not effective in curing cells of either ColEl or the R plasmid. 
Roozen (1971) demonstrated that ColV was capable of replicating to a half- 
heavy density in minicells but Xdv could not replicate once completely. In 
reference to all these density shift experiments, it should be noted that the 
theoretical density shift expected for complete substitution of all thymine by 
bromouracil was not achieved, even in thymine-requiring minicell-producing 
strains (Roozen, 1971). It is therefore conceivable that there might be some 
plasmid DNA turnover in minicells with the thymine released being reused for 
new synthesis, thus reducing the degree of bromouracil substitution. Double- 
label experiments will therefore be required to investigate this question. 
Complete proof of semiconservative replication will also require that half-heavy 
DNA (nicked by deoxyribonuclease) be analysed on alkaline CsCl gradients to 
show whether each DNA molecule contains one heavy and one light strand. 
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4. Electron Micrographs of Presumptive Replicating DNA Forms 
Experiments using very short periods of labeling m ColEl -containing mini- 
cells have demonstrated that labeled material is found in regions of CsCl-ethi 
drum bromide and neutral sucrose gradients where catenated DNA molecules 
are found. The most label in the catenated fractions was observed when the 
pulse was 5 sec i.e. the approximate time required for C0IE1 replication and 
as the length of the pulse increased, the percentage label in the catenated frac- 
tions decreased (Inselburg and Fuke, 1971). This demonstrated that re- 
plicating forms of ColEl DNA should reside in the catenated DNA portion of 
the gradient. 

Electron microscopy of half-heavy DNA from a density-shift experiment 
with ColEl-contaming minicells revealed that 3 % of the plasmid molecules were 
forked open circles, indicative of replicating DNA. The other DNA structures 
observed m this study were 8% linear monomers. 29% supercoiled DNA and 
60 1/ open circles (Inselburg and Fuke, 1 9 70). Electron microscopy of the 
DNA from the catenated portion of CsCl-ethidium bromide or neutral sucrose 
gradients has revealed many diverse DNA structures: double-forked monomers 
of both the open circle and supercoiled types, rolling circle-type structures with 
the circle either open or supercoiled, catenanes in which one circle of the pair 
is double-forked, catenanes of dimers that are open-open, twisted (i e super- 
coiled-)open or twisted-twisted, and oligomers of various types including trimer 
and tetramer catenanes and rolling circles (Fuke and INSELBURG 1972) 
Figure 3 shows electron micrographs of representative ColEl replicative inter- 
mediates isolated from minicells by Fuke and Inselburg (1972). Catenated 
DNA structures have also been demonstrated by electron microscopy of DNA 
from R6(3)- and Rt -containing minicells taken from the fractions of CsCl-ethi- 
dmm bromide or neutral sucrose gradients that are characteristic of catenated 
DNA (Cohen et al., 1971 a, b). Inselburg (1973) has also demonstrated that 
the catenated DNA observed by electron microscopy is not formed primarily 
as a result of mr-dependent recombination events, since the same percentage of 
catenanes is observed regardless of whether the C0IE1 miniceU producer is 
recA+ or recA: Further compelling evidence that catanenes are intermediates 
in plasmid replication and do not arise by host-controlled recombination events 
has been obtained by Kupersztoch and Helinski (1973) and Novick et al 



5. Conjugal DNA Synthesis in Plasmid-Containing Minicells 
Conjugal DNA replication of plasmid DNA evidently occurs in plasmid- 
COntaimng minicells since minicells can be competent donors of many con- 
jugative plasmids including F' plasmids (Kass and Yarmolinsky 1970- Roo- 
zen et al., 1971 a), certain R plasmids (Roozen et al, 1971 a; Levy, 1971 a ) an d 
Col plasmids (Roozen et al., 1971a) as discussed more fully in Section VI C 
Levy and Norman (1970) have observed that the relative transfer from mini- 
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Fig. 3 A — I. Replicative intermediates isolated from ColEi -containing minicells. A— D and 
F— I show replicating molecules having a twisted unreplicated branch and two untwisted 
replicating branches. E is a catenated dimer in which one of the molecules is replicating. 
42, 46, 51, 56 are four kinds of dimer molecules and 41 a replicating molecule composed 
of a unit circle and a long double-stranded tail. 79-85 are catenated oligomers including 
monomers and dimers (82 and 83), a trimer in which one molecule is replicating (84), and 
a catenated tetramer (85). Markers represent l micron, magnification of 42, 46, 51, 56 is 
the same as for 41. From Fuke and Inselburg (1972) with permission of the authors 
and Proceedings of the National Academy of Sciences, U.S.A. 



cells of different R plasmids varies, indicating that these plasmids have different 
capacities to synthesize essential components needed to promote conjugal re- 
plication or transfer, or that plasrnid-containing strains vary in the distribution 
of these components to minicells. 

6. Potential of Plasmid-Containing Minicells for Studies of Plasmid 

Replication 

The experiments reviewed in this section indicate that minicells may be 
very useful in studying the vegetative and conjugal replication of some 
plasmids. The system may not be appropriate for studying large plasmids since 
it appears that the amount of replication may be limited by plasmid size. 
Obviously the vegetative replication apparatus is adequate or may be syn- 
thesized for the replication in minicells of CoIEl, Clo DF13, R222, ColV and 
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Xdv. Replication of the similar plasmids C0IE1 (Kingsbury and Helinski, 
1970, 1973) and Clo DF13 (Veltkamp et al., 1974) requires DNA polymerase i' 
which is present in minicells. Nevertheless, the replication of these plasmids in 
minicells may differ in some respects from replication of the same plasmid in 
cells since Inselbukg (1970) has observed that although the presence of 
chloramphenicol does not inhibit ColEl replication in minicells, ColEl replica- 
tion is not induced by either chloramphenicol or mitomycin C. Veltkamp et al. 
(1974) have demonstrated that CI0DF13 replication is slightly stimulated in 
minicells after inhibition of protein synthesis by either chloramphenicol or 
puromycin and continues for more than 8 hours. They have also demonstrated 
that Clo DF13 replication is shut off immediately by addition of rifampicin, 
which suggested the necessity for an RNA primer for plasmid replication.' 
Indeed, CCC Clo DF13 DNA synthesized in minicells in the presence of chlor- 
amphenicol was convertible to the OC form by treatment with either ribo- 
nuclease or alkali, CI0DF13 DNA replicated in minicells in the absence of 
chloramphenicol is not converted from the CCC to OC form by these treat- 
ments ; thus this RNA primer must be removed from plasmid molecules during 
normal replication. 

Many relevant aspects of plasmid replication have not yet been explored in 
depth with the minicell system. For instance, plasmid DNA is apparently as- 
sociated with the minicell membrane (Fralick, 1970; Levy, 1971a; Shull 
et al., 1971 ; Houck and Curtiss, unpublished) as discussed in Section IV. B.; 
however, a correlation between membrane association and the replication of 
plasmids is yet to be established in minicells. An important area that should be 
investigated more thoroughly is the presence or absence of relaxation complexes 
(Clewell and Helinski, 1970, 1972) in minicells. The minicell lysis and/or 
centrifugation techniques for DNA which have been employed (except for one 
instance, see below) are known to destroy the relaxation complex of ColEl, 
thereby decreasing the potential yield of CCC DNA. The variability in the 
yield of CCC DNA observed with various techniques may be due to specific loss 
of some intermediate, like a relaxation complex, in the plasmid replication 
cycle. Examples of this variability in yield of CCC DNA are either 15 or 80% 
CCC DNA for ColEl on CsCl-ethidium bromide or neutral sucrose sedimenta- 
tion gradients, respectively (lysozyme-sarkosyl lysis) (Inselburg, 1970), and 
either 19 or 47% CCC DNA for Xdv on neutral sucrose sedimentation with 
detergent lysis by sodium dpdecyl sulfate (SDS) or Triton X-100, respectively 
(Roozen, 1971). This last example is particularly intriguing since lysis with 
the neutral detergent Triton X-100 and centrifugation on a neutral sucrose 
gradient should preserve a relaxation complex and this is the only instance of 
a lysis centrifugation procedure for DNA from plasmid-containing minicells 
where this statement can be made. Thus a significant amount of Xdv DNA may 
be in a relaxation complex in minicells, making this a potentially useful system 
for testing the role of relaxation complexes in plasmid replication. If the 
relaxation protein is indeed present, then there is a good chance that it is 
encoded by one of the 5 or 6 genes on the Xdv genome. 

I 
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E. Repair of Plasmid DNA in Minicells after UV- and 
Ionizing-Irradiation 

Considerable work has been done on the DNA lepair capabilities of mini- 
cells and the contribution of the tec A system to these repair phenomena. At the 
outset it is well to note that the original minicell producer /925 was discovered 
among ionizing (i.e. X-ray) radiation-resistant mutants (Adler et al., 1967; 
Adler and Hardigree, 1972). The relationship of ionizing radiation-resistance 
to minicell production is not yet known (see Sect. II. B.). The studies discussed 
here have been done with derivatives of #925, which consequently show in- 
creased X- and y-irradiation resistance compared to the non-minicell-producing 
parent strain, P678 (Paterson and Roozen, 1972b). Strain *925 has wild-type 
sensitivity to UV-irradiation ; the presence of the R64-11 plasmid in the x 92$ 
background confers on the strain increased UV-resistance. The production of 
UV- and y-irradiation-induced damage in DNA is the same in minicells and 
cells (Paterson and Roozen, 1972b). 

Both R64-11 and ^-containing minicells have been examined for repair 
of UV-, X- and y-irradiation damage by Roozen et al. (1971 d), Paterson 
(1972), Roozen (1971), Paterson and Roozen (1972a, b), Paterson and Set- 
low (1972), and Paterson et al. (1972, 1973). In these studies cultures were 
labeled with [ 3 H-methyl] thymidine and exposed to UV-, X- or 60 Co y-irradia- 
tion under various conditions. Cultures were then incubated in growth medium 
for different time intervals to allow for repair before purifying cells and mini- 
cells by sucrose gradient centrifugation. Cells and minicells were then lysed 
and the DNA damage analyzed by the loss of CCC DNA recovered by velocity 
sedimentation in neutral and alkaline sucrose gradients. Minicells that were 
purified before irradiation had exactly the same repair capabilities as minicells 
not exposed to sucrose. This was also true for minicells exposed to 20% sucrose 
for as long as cells were exposed during purification (Paterson and Roozen, 
1972b). Cells, however, that were exposed to sucrose before irradiation had a 
greatly reduced capacity to repair y-irradiation-induced single-strand breaks as 
well as a reduced capacity' to excise UV-induced thymine dimers (Paterson 
and Roozen, 1972b). However, sucrose treatment of cells did not inhibit photo- 
repair of UV-induced damage. These results suggest that sucrose treatment may 
affect the function of DNA polymerase I or of DNA ligase or some other repair 
enzyme in cells while having little or no effect on these activities in minicells. 

The repair of thymine-containing dimers induced by UV-irradiation has 
been examined in minicells containing the plasmid R64-11 (Paterson and 
Roozen, 1972b). Cells were twice as effective as plasmid-containing minicells 
in photoreactivation repair, which is of particular note since minicells without 
a plasmid have no photoreactivation enzyme activity (Setlow and Cohen, 
cited in Cohen et al., 1968b). No excision repair occurred in R64-1 1 -containing 
minicells, presumably due to the low activity of UV endonuclease. 

The y-irradiation-induced damage to DNA and its repair has been studied 
with R64-11- (Paterson and Roozen, 1972b) and ^-containing minicells 
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(Paterson and Setlow, 1972; Paterson et al., 1972, 1973) (which are from 
a minicell producer that is also recA~). It was observed that three different 
types ot lesions or alterations in DNA were induced by y-irradiation in plasmid- 
containing minicells: (a) single-strand breaks in the sugar-phosphate backbone 
of DNA; (b) alterations resulting in single-strand breaks only upon exposure 
of the DNA to an alkaline pH, i.e. alkaline-labile bonds (Paterson and Roozen, 
1972 a) ; (c) damage which makes the DNA susceptible to the attack of an endo- 
nuclease purified from Micrococcus luteus. This third type of lesion had not 
been previously described, and the endonuclease activity from M. luteus has 
not been completely characterized (Paterson and Setlow, 1972). It was 
further observed that the endonuclease activity of a partially purified M. luteus 
extract was depressed upon addition of UV-irradiated calf-thymus DNA. Thus 
Paterson and Setlow (1972) suggested that the same M. luteus endonuclease 
might recognize and attack both types of damage (i.e. UV- and y-irradiation- 
induced lesions). Irradiation in air or in a N 2 atmosphere affected the frequency 
of each type of y-irradiation-induced lesion differently: (a) the production of 
single-strand breaks, measured on alkaline sucrose gradients, was 3 to 4 times 
greater in air (Paterson et al., 1973); (b) the frequency among all strand 
breaks of alkaline-labile bonds was about 2 times greater under anoxic con- 
ditions (Paterson et al, 1973); (c) the presence of M. luteus endonuclease- 
susceptible lesions was essentially the same under, aerobic or anoxic conditions 
(Paterson and Setlow, 1972). 

The repair of y-irradiation-induced single-strand breaks was fairly rapid 
and complete in R64-11- and Aia-containing minicells (Paterson and Roozen, 
1972b; Paterson et al., 1972, 1973). In addition, repair of single-strand breaks 

induced by X-irradiation has also been observed in plasmid-containing minicells 
(Roozen et al., 1971b; Crellin Pauling, pers. comm.). As pointed out by 
Town et al. (1971), there are at least two mechanisms for repair of y-irradiation- 
induced single-strand breaks: (a) rapid repair probably involving DNA poly- 
merase I; (b) slow repair involving the recA, recB and recC gene products. In 
order to test the first part of this hypothesis, it would be very interesting to 
determine whether the rapid type of repair in plasmid-containing minicells 
occurs in a folA~ (i.e. DNA polymerase I-deficient) strain. The slow repair of 
single-strand breaks, which is also observed in minicells, is interesting since it 
occurs equally in minicells derived from recA+ and recA~ strains. The mechanism 
of this type of repair should be investigated in more detail. The y-irradiation- 
induced alkaline-labile bonds were not repaired at all in ^-containing minicells, 
which may suggest that this type of DNA alteration is not biologically harmful 
to cells (Paterson et al., 1973). The M. luteus endonuclease-susceptible lesions 
were rapidly repaired in ^-containing minicells (Paterson and Setlow, 
1972). 

The relative capacities of cells versus minicells to perform various types of 
repair oi radiation-induced damage to plasmid DNA provides further informa- 
tion about enzyme distribution in cells. For instance, the UV endonuclease and 
photoreactivation enzyme may be preferentially localized in the central portions 
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rather than the polar ends of cells (Paterson and Roozen, 1971), or they may 
be present in very few molecules per cell, which would explain the lower activity 
of these enzymes in minicells. The photoreactivation enzjone, but not the UV 
endonuclease, may segregate to minicells with plasmid DNA. It is possible 
that these enzymes, particularly the UV-endonuclease, are preferentially bound 
to chromosomal rather than plasmid DNA. A possible mechanism to explain 
such preferential binding might be that the amount of en2}Tne bound is pro- 
portional to DNA length. By use of plasmid-containing minicell-producing 
strains that differ with regard to either the size or amount of plasmid DNA 
segregated into minicells, it should be possible to reach more definite conclusions 
about the various enzymes involved in repair and/or DNA metabolism and 
their subcellular distribution. 

F. Use of Plasmid- Containing Minicells to Study Deoxyribonuclease 

Activities 

Minicells containing R64-11 have been used to examine coiicin E2-induced 
degradation of DNA by observing the nicking of CCC DNA and its degradation 
to acid-soluble material (Khachatourians and Riddle, 1973)- The kinetics of 
loss of acid-insoluble material was the same in cells and minicells, indicating 
that the nucleases involved have similar activities in cells and minicells. Mini- 
cells do contain exo- and endonuclease activities, even in an endl~ minicell 
producer, that attack single-stranded DNA transferred to minicell recipients 
in conjugation (Khachatourians et al., 1972, 1974). Whether any of these 
nuclease activities are related to the coiicin E2-induced nuclease activities is 
yet to be determined. Paterson and van Dorp (in prepn, 1974) have recently 
found that the concentration of the ATP-dependent exonuclease V that is 
specified by the recB and recC genes is present in approximately equal amounts 
in DNA-deficient recA+ minicells from #925, in Ada-containing recA~ minicells 
and in R64-11 -containing recA+ minicells. 

G. Synthesis of Plasmid-Specific Gene Products in Minicells 

1. Incorporation of Radioactive Precursors into RNA and Protein 
by Plasmid-Containing Minicells 

Plasmid-containing minicells can incorporate radioactive precursors for 
RNA synthesis, i.e uracil and uridine (Fenwick et al., 1970; Roozen et al., 
1971 a, b; Levy, 1971 a; Veltkamp et al., 1974; Kool et al, 1974; Hori et al., 
1974) and for protein synthesis (Fenwick et al., 1970; Levy, 1971 a, b; Roozen 
etal., 1971b; Cohen et al., 1971b; Frazer and Curtiss, 1972; Kool et al., 
1972, 1974; van Embden and Cohen, 1973 ; Veltkamp et al M 1974; Franklin 
and Foster, 1974; Levy and McMurry, 1974) into acid-insoluble material. In 
general, the rate of incorporation of precursors into RNA and protein by mini- 
cells is only 1 to 2% of the rate observed with a cell suspension of the same OD. 
It has been demonstrated by electron microscopy and autoradiography that 
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this incorporation of precursors into RNA and protein is performed bv purified 
miniceUs and is not due to cells contaminating the minicell preparation (Roo- 
zen et al 1971 b). Different plasmid-containing miniceUs have different capaci- 
ties for the incorporation of precursors into RNA and protein. Roozen et al 
(1971b) have observed that the incorporation of F- and some F'-containin* 
miniceUs is much lower than that of R + or Col+ miniceUs. The relatively poor 
performance of the F- and F'-containing miniceUs must be partly due to the 
lower frequency of segregation of these plasmids into miniceUs (Sect IV B ) 
but other factors may be operating as weU. 

van Embden and Cohen (1973) have studied incorporation of [ 3 H]leucine 
by miniceUs containing the small (i.e. 5.8 X 10« dalton) 219 plasmid which en 
codes tetracycline resistance, and have demonstrated that : (a) miniceUs produced 
by a culture grown in the presence of tetracycUne have a faster rate and greater 
extent of protein and RNA synthesis, probably due in part to the 64% increase 
in DNA segregated to minicells under these conditions; (b) protein and RNA 
synthesis m miniceUs. produced by a culture grown in the absence of drug are 
stimulated by addition of tetracycline to the incorporation medium ■ (c)' the 
smaU amount of protein synthesis in DNA-deficient miniceUs is inhibited by 
tetracycUne. These exciting results indicate that the regulation of protein 
synthesis m plasmid 219-containing miniceUs is uniquely affected (i.e. stimu- 
lated) by the presence of tetracycline, van Embden and Cohen (1973) have 
also examined the proteins synthesized in 219-containing miniceUs by poly- 
acrylamide-gel electrophoresis (see Sect. IV. G. 3.). 

In contrast to the results of van Embden and Cohen (1973), Franklin and 
Foster (1974) have observed that protein synthesis in purified miniceUs con- 
taining the FRl plasmid (which endows the host cell with resistance to tetra- 
cycline but carries no other drug-resistance markers) is inhibited almost com- 
pletely by the presence ot tetracycline. Furthermore, protein synthesis by 
FRl -containing miniceUs, obtained from cultures grown in the presence of 
tetracylme (i.e. under conditions where resistance to tetracycline is induced in 
ceUs), was also inhibited in the presence of tetracycline, but not as drastically as 
m miniceUs obtained from uninduced cultures. A slight increase in resistance to ' 
tetracycUne was observed when a previously uninduced suspension of purified 
mimceUs was incubated with a low level of tetracycline (1 ug/ml) for one hour. 
At present there is no rationale to explain the difference in expression of these 
two R plasmids (i.e. 219 and FRl).in miniceUs. 

As discussed in more detail in Section IV. G. 3., expression in miniceUs of 
R plasmids encoding tetracycUne resistance has also been studied by Levy and 
McMurry (1974). They have clearly demonstrated the svnthesis of a specific 
polypeptide after exposing purified minicells to 10-15 ug/ml of tetracycline. 
It would be useful in comparing and contrasting the work of Levy and McMur- 
Ray (1974) with that of van Embden and Cohen (1973) and Franklin and 
Foster (1974) to know the effect of tetracycUne on overaU protein synthesis in 
miniceUs containing diverse R plasmids encoding tetracycline resistance Un- 
fortunately, Levy and McMurray (1974) have not reported such data- how- 
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ever, they have observed that 10% of the protein synthesized in R222 (i.e. 
RlOO)-containing minicells is found in the tetracycline-induced polypeptide. 

The effects of various inhibitors of RNA and protein synthesis on incorpora- 
tion has been tested. Incorporation of [ 3 H]uridine is inhibited by rifampin 
(100 jig/ml}, an inhibitor of initiation of RNA synthesis, in R64-11- and Col- 
fr£+-containing minicells (Roozen etal., 1971 b) as is the incorporation of 
[ 3 H]uracil by R222 (i.e. R 100) -containing minicells (Levy, 1971 a). Veltkamp 
et al. (1974) have also reported that [ 3 H]uridine incorporation is inhibited by 
rifampin (100 fig/ml) in Clo DFl3-containing minicells. Protein synthesis is 
inhibited by rifampin in R64-11- (Roozen etal., 1971b; Levy, 1971a) and 
R222-containing minicells (Levy, 1971a). However, Veltkamp etal. (1974) 
have reported that in spite of the fact that rifampin rapidly inhibits RNA and 
DNA synthesis in Clo DFl 3 -containing minicells, protein synthesis continues in 
the presence of the drug. This observation suggests that stable mRNA is present 
in Clo DFl 3 -containing minicells under physiological conditions. Chloramphen- 
icol inhibits protein synthesis in CoUrp*- (Roozen etal., 1971a). R64-11- 
(Roozen et al., 1971 b; Levy, 1971 a) and Clo DFl3-containing minicells (Velt- 
kamp et al., 1974) but not in R222-containing minicells (Levy, 1971a), which 
indicates that the chloramphenicol-acetylating enzyme encoded by R222 is 
present in these minicells. 

Minicells that have no plasmid exhibit a small amount of incorporation of 
precursors into protein (Roozen etal., 1971b; Cohen etal., 1971b; Levy, 
1971 a; Kool et al., 1974; Franklin and Foster, 1974) and into RNA (Kool 
etal., 1974; Hoar etal., 1974). Protein synthesized in these DNA-deficient 
minicells has been seen as a small radioactive peak (Cohen et al., 1971 b) or as 
random high background (Kool etal., 1974) on SDS polyacrylamide-gel 
electrophoresis. Levy (1971a) reported that the small amount of protein syn- 
thesized by DNA-deficient minicells purified at 23 0 C is greatly reduced if 
minicells are prepared at 0° C. The low level of protein synthesis in DNA- 
deficient minicells may be due to persistence of stable cellular mRNA. Alter- 
natively, the low level of protein and RNA synthesis may be due to transcrip- 
tion and translation specific for the small amount of random cellular DNA that 
is trapped in these minicells. 



2. RNA Species Synthesized in Plasmid-Containing Minicells 
Some of the RNA products synthesized in minicells containing R64-11, Col- 
trp+ or ColBdrd were examined on polyacrylamide-disc-gel electrophoresis and 
by neutral sucrose velocity sedimentation (Fen wick et al., 1970, 1971 ; Roozen 
et al., 1971b). In these studies, RNA of heterogeneous molecular weight (i.e. 
about 5 to 16S) was observed with Col plasmids, and at least four distinct peaks 
with mobilities from 6 to 9S were observed with the R64-11 plasmid. RNA of 
lower molecular weight migrating at about 3.8S was observed with all three 
plasmids and in addition RNA migrating at about 4.6S was observed with the 
Col plasmids. The physiological role of these various RNA species is not at all 
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clear and much more work is required to demonstrate the number of species 
present and to characterize them. Jarry has observed (pers. comm., 1973) that 
low-molecular- weight RNA of approximately 4S and 7S is synthesized by 
some F'-containing minicells, but fingerprints indicate that these are not homo- 
geneous RNA species. In hybridization experiments using $80 ptl90h bacterio- 
phage DNA and total 3 H-labeled RNA from Col-^-containing minicells, the 
presence of trfi operon mRNA was demonstrated (Femwick et al. f 1971 ; Roo- 
zen, 1971). 

Nijkamp etal. (1973) and Kool et al. (1974) have identified putative 
mRNA species synthesized by Clo DFl3-containing minicells, which could 
account for 85% of the coding capacity of the plasmid genome. One RNA 
species of 21. 3S was observed to be synthesized by minicells containing the 
wild-type Clo DF13 plasmid, and this size of mRNA would be adequate to code 
for the three plasmid-specific polypeptides synthesized under these conditions. 
When a mutant plasmid that is present at a level of 40 rather than 1 5 plasmid 
copies per cell was studied, the synthesis of three additional RNA species of 
19*5 S, 14. OS and 12. OS was observed. In addition, Kool et al. (1974) have done 
DNA-RNA hybridization experiments to demonstrate that the RNA syn- 
thesized by Clo DFl3-containing minicells is specific for CI0DF13 plasmid 
DNA and that only 2.0% of the RNA synthesized in minicells hybridizes to the 
E. coli chromosome. Presumably this E. co/j-specific RNA was synthesized 
from random chromosomal DNA fragments present in minicells (Kool et al., 
1974). 

Hori et al. (1974) have clearly demonstrated that E. coli minicells con- 
taining the F'14 plasmid (which encodes one of the E, coli ribosomal RNA 
cistrons) synthesize ribosomal RNA. The ribosomal RNA synthesized in F'14- 
containing minicells could be isolated in particles of 25 S and 18S that are 
probably similar to the particles of protein and nascent ribosomal RNA that 
have been observed in cells when the synthesis of ribosomal proteins is blocked 
by chloramphenicol while ribosomal RNA synthesis continues. Hori et al. 
(1974) have demonstrated that the 23 S and 17S RNA species synthesized by 
minicells are effectively competed by cellular 23 S and 16S ribosomal RNA in 
DNA-RNA competition hybridization experiments. It is not clear from the 
data whether 5S ribosomal RNA was also synthesized by F'14-containing 
minicells. As pointed out by Hori et al. (1974), their experiments indicate that 
minicells lack an appreciable pool of ribosomal protein, and the data further 
demonstrate that concomitant expression of an operon for ribosomal protein is 
not essential for transcription of a ribosomal RNA operon. This interesting 
work further suggests that the F'14^containing minicells could be used to 
determine whether any ribosomal protein genes are encoded on the F'44 

plasmid and whether stringent control oi RNA synthesis operates in minicells. 

Recently, Morrow etal. (1974) have examined the synthesis in mini- 
cells of eukaryotic rRNA specified by rRNA genes coupled to £. coli plas- 
mid DNA. 
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3- Protein Species Synthesized in Plasmid-Containing Minicells 
Meny investigators have examined the proteins synthesized in plasmid- 
contammg minicells. The proteins synthesized by R6-3^12-containing mini- 
cells displayed about 14 bands when examined by polyacrylamide-ethylene 
diacrylate SDS disc-gel electrophoresis (Cohen et al., 1971b). Proteins syn- 
thesized by R222 (i.e. Rl00)-containing minicells showed label in 14 to 1 5 bands 
when subjected to polyacrylamide disc-gel electrophoresis in the absence of 
SDS (Levy, 1971 a, b). Lew (1973) has further sepaiated these labeled proteins 
into membrane and soluble fractions by differential centrifugation of sonicated 
minicell extracts. Electrophoresis of membrane proteins on SDS polyacryl- 
amide disc gels reveals 5 to 8 protein bands, and the pattern of membrane 
proteins shows that some components are specific for different R plasmid 
mating types; one major component was synthesized by all the R plasmids 
examined. Of the soluble proteins synthesized by R plasmid-containing mini- 
cells, approximately 2% have some affinity for DNA of various types as 
demonstrated by affinity chromatography. The function of these proteins is 
under investigation (Levy, 1973). 

Kool et al. (1972, 1974) have examined polypeptides synthesized by mini- 
cells containing the small Clo DF13 plasmid (6 x 10 6 daltons). The synthesis of 
three polypeptides of 70000, 20000, and 11 000 daltons was observed with the 
wild-type plasmid while the synthesis of five additional polypeptides of 58000 
44000, 28000, 16000 and 14000 daltons was detected with a mutant plasmid 
which is characterized by a higher copy number per cell. These 8 polypeptides 
account foi 85 % of the coding capacity of the mRNA species synthesized by 
these minicells. The function of all these polypeptides has not been determined 
but the 58000-dalton species is close to the size expected for the cloacin protein. 

vanEmbden and Cohen (1973) using another small plasmid, i.e. the 219 
plasmid (5 .8 x 1 o 8 daltons) encoding tetracycline resistance, incubated plasmid 
219-containing minicells for 3 h in [»H]- or ["Cjleucine, extracted miniceUs, 
and electrophoresed the polypeptides in SDS polyacrylamide gels. The results 
clearly showed that 5 polypeptides are synthesized in these miniceUs and 
furthermore that the relative amount of S3mthesis for 4 of the polypeptides is 
significantly altered by incorporation in the presence of tetracycline (5 (xg/ml) 
or by growth of cultures in the presence of the drug (12.5 fig/ml) prior to isola- 
tion of minicells. This is further evidence that protein synthesis in these mini- 
cells is regulated by tetracycline. 

Levy and McMurray (1974) examined the proteins synthesized in mini- 
cells containing 9 different R plasmids (see Table 3) by SDS polyacrylamide-gel 
electrophoresis. The synthesis of a tetracycline-inducible (10-15 Kg drug/ml) 
Polypeptide was observed only in minicells containing R plasmids specifying 
tetracycline resistance (i.e. R222, R124, R386, R64, N-3. and CF-2). None of 
the R plasmids that do not specify resistance to tetracycline synthesized this 
Protein (i.e. R222-R3, R1, and RM98). It was demonstrated that this protein 
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was enriched in the membrane fraction of minicell sonicates and, in the case of 
R222, it was estimated that 70% of the protein was membrane-associated. It is 
significant that identification of the tetracycline-inducible membrane protein 
was impossible in sonicates of induced cells due to the large number of other 
membrane proteins synthesized by cells. Thus it is evident from the work of 
van Embden and Cohen (1973) and of Levy and McMurray (1974) that mini- 
cells should be verv useful in further characterizing the protein components 
responsible for tetracycline resistance and their mechanism of action, at least 
for a large number of R plasmid-host cell systems (see Sect. IV. G. 1.). 

4. Synthesis of Functional Protein in Plasmid-Containing Minicells 
Three kinds of observations with plasmid-containing minicells give cre- 
dence to the idea that these minicells arc competent to synthesize functional 

PrC T Bacteriophages T4 and P i can productively infect minicells from plasmid- 
containing strains (see Fig. 4) although the burst sizes observed are small 

(See 2 S lfcan be inferred from some observations by Levy (1971 b) that minicells 
synthesize proteins that are required for donor ability since conjugation with 
R plasmid-containing minicell donors is inhibited considerably either by amino 
acid starvation prior to mating or by overnight refrigeration ; incubation of these 
plasmid-containing minicells in broth partially restores donor abmty. This 
especially interesting since F'-containing minicells are effective conjugal donors 
but seem to have a reduced capacity for RNA and protein synthesis and 
contain DNA that is not readily isolated as CCC DNA. 

3 -Hamkalo and Frazer (unpubl., cited in Frazer and Curtiss. 19/3) 
have demonstrated by electron microscopy that polysomes are present in Col- 
^-containing minicells (see Fig. 5) and it has been observed that the pro- 
portion of actively transcribing minicells is rather high, l^^^f 
strain (r12 9 8, a dapD~ derivative of *984, described in Table 4 and Appdx II. 

4 „ containing the CoUr P A2 plasmid) was grown to mid- or late-log phase 
either in L broth containing 0. 5 M sucrose, 50 ag a, £ -diaminopimclic acid/ml 
and 88 ug L-lysine/ml or in ML salts containing 0.5% glucose, 15% Casanuno 
adds 75 ug a ,-diaminopimelic acid/ml, 88 ,g L-lysine/ml. and other nutntiona 
"Xlfnts. Cultures were lysed by incubation with 50 « T4 lysozvme/ml 
for 15 sec at 3 7° C followed by dilution (about 50-fold) and vigorous mmng. 
deioied water at pH 9- A small amount of formaldehyde in sucrose was added 
to the lysate, which was centrifuged at about 12000 X* for 2 nun at 4 C to 
remove some cells from the preparation and samples from the supernatant were 
subsequently deposited onto carbon-coated electron microscope grids for stain- 
ng by phosphotungstic acid, as described by Hamkalo and Miller (19/3). 
Previous attempts to obtain extrusion of the DNA and polysomes from plasmid- 
containing minicells {datf were unsuccessful (Hamkalo, ^^fj^ 
tiss unpubl.). which suggests that the dafD~ mutation in strain *1298 remits 
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Fig. 4. T4 bacteriophage attached to E. coli minicells. x 58 500. Electron micrograph 

taken by D. P. Allison 



in the formation of minicells that are easier to lyse. It is evident from Fig. 5 
that the osmotic shock lysis, though reasonably effective, was less than optimal 
since only a portion of the extruded contents from the minicell are well spread 
out on the grid, and most of the ribosomes appear to be missing the 50S sub- 
unit. Nevertheless, a polysome that is at least 40 ribosomes long is clearly 
evident in Fig. 5 and this length is sufficient to accommodate polycistronic 
mRNA (Hamkalo and Miller, 1973). 

It has been demonstrated that minicells can synthesize a specific functional 
protein (Frazer and Curtiss, 1973). Purified minicells containing Col-^+ or 
Col-trpA2 when starved for tryptophan rapidly became derepressed for the 
plasmid-encoded tryptophan operon, as demonstrated by a 1.6- to 3-fold in- 
crease after 30 min of derepression in the level of the first enzyme in the trypto- 
phan biosynthetic pathway, anthranilate synthase; DNA-deficient minicells 
could not be derepressed for enzyme synthesis, It should be mentioned that the 
activity of anthranilate synthase is dependent upon its binding to the second 
enzyme in the tryptophan pathway. Thus these results indirectly demonstrate 
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Fig 5 The extruded contents of an osmotically shocked E.coli Col-^ ; 4 2--containmg 
minicell. Arrow indicates one polysome that is about 40 ribosomes long, x 40030. 
Electron micrograph taken by B. A. Hamkalo 



the synthesis of functional phosphoribosyl anthranilate transferase. The ratio 
of anthranilate synthase synthesized per minicell to the amount synthesized per 
cell was 1:20. However, when expressed on the basis of amount of enzyme 
synthesized per unit volume, the ratio of synthetic capacity for minicells com- 
pared to cells was \ :2.4- Thus, the synthetic capacity in minicells and cells is 
fairly similar. Derepression was rapidly blocked in the presence of chloram- 
phenicol (200 (ig/ml) and inhibited by rifamycin SV (280 (xg/ml) but not until 
at least 6 min after addition of rifamycin SV. Thus de novo synthesis of an- 
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thranilate synthase and of mRNA was required for the increase in enzyme 
activity^Incubation of minicells in the presence of tryptophan, the compressor 
of the trp operon, also blocked enzyme synthesis. Hence regulation of M> operon 
expression is essentially the same in minicells as in cells and the various 
regulatory components for the trp operon (e.g. repressor protein) must be fairly 
stable in minicells. Evidence has also been obtained bv Levy (pers comm" 
1973) that minicells containing the R222 (i.e. R100) plasmid synthesize the 
streptomycm-adenylating enzyme and that the synthesis of the" enzyme con- 
tinues for at least ) h. 



5. Potential Usefulness of Piasmid-Containing Minicells in Studying 
Plasmid- Specific Transcription and Translation 
It must be emphasized that not all model enzyme induction or derepression 
systems function in minicells. For instance, we have been unable to demonstrate 
induction of ^-galactosidase in purified minicells containing the F'lac (ORF-207) 
plasmid (Frazer, unpublished) and thermal induction of X phage could not be 
demonstrated with F'gal (XcI857) -containing minicells by Kass and Yarmo- 
LINSKY (1Q70). Minicells containing the Clo DF13 plasmid are not inducible for 
cloacin synthesis after treatment with mitomycin C although cells are inducible 
(Kool et al.. 1972, 1974). In addition, although the synthesis of anthranilate 
synthase can be derepressed in minicells containing the Col-fr^ and Col-trpA2 
plasmids, enzyme synthesis cannot be "induced" by treatment with indole- 
3-propiomc acid (Frazer and Curtis, 1973). The reason(s) for these failures is 
at present elusive. Consequently, the usefulness of plasmid-containing minicells 
to investigate plasmid-specific transcription and translation products or the 
regulation of synthesis of such products may be limited. Obviously the possible 
interaction between plasmid encoded components and chromosomal encoded 
components active in promoting the expression of plasmid functions may be 
qmte complex. Much variability among plasmids with respect to expression of 
specific plasmid genes in minicells must be expected. Protease or ribonuclease 
activity against specific regulatory proteins or RNA species might contribute 
to the complexity in patterns of plasmid expression. It has been reported that 
certain protease activities specifically degrade some regulatory proteins e g the 
araC gene product (Yang and Zubay, 1973). No information is available on the 
proteases present in minicells and only limited information on specific ribo- 
nucleases. This is a critical deficiency when attempting to interpret observations 
on the synthetic capabilities of plasmid-containing minicells for specific gene 
products as well as for total protein and RNA synthesis. For instance, better 
rates of incorporation into RNA and protein are observed with minicells 
harvested from stationary-phase rather than log-phase cultures (Roozen et al 
1 971 b). Also extracts of DNA-deficient minicells from stationary-phase cultures 
are more efficient in supporting in vivo translation of artificial mRNA than 
minicells from log-phase cultures, possibly due to lower ribonuclease activity in 
minicells from stationary-phase cultures (Fralick et al.. 1 969 ; Dvorak et al 
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1970). Little work has been done on turnover of mRNA or other plasmid- 
specific gene products in miniceUs. 

V. Infection of Minicells with Bacteriophages 

Early attempts to infect DNA-deficient minicells from E. coli with a variety 
of phages demonstrated that these minicells were unable to yield progeny 
phage. Adler et al. (1967) were able to demonstrate absorption and lysis by 
phage T6 to these minicells and Curtiss (unpublished) demonstrated lysis from 
without by using UV-irradiated T4 and T6 or by T4 and T6 ghosts. T3 (Adler 
etal., 1967; Curtiss, unpublished) and X (Kellenberger-Gujer, un- 
published) seemed to be unable to absorb and/or to inject their DNA into DNA- 
deficient minicells, which suggests that attachment of these phages with sub- 
sequent injection of phage DNA may require cellular activities that are not 
supplied by minicells and that may be unnecessary for phages with a con- 
tractile tail sheath that facilitates DNA penetration into the cell. 

Fralick (1970) demonstrated that T4-infected minicells were unable to in- 
corporate radioactive amino acids, uridine, or thymidine into macromolecules. 
Seventy to 99% of the T4 phages adsorbed and injected their DNA, as shown 
by conventional methods as well as by measuring the frequency of collapsed 
T4 phage attached to minicells (see Fig. 4) and the percentage of labeled phage 
DNA sedimentable with the minicells. Shull etal. (1971) were also able to 
show that 65% of the labeled T4 DNA became associated with the minicell 
membrane as detected by the M-band technique. Vallee etal. (1972) de- 
monstrated that the attachment of T4 ghosts to DNA-deficient minicells also 
altered the physiological activities of minicells, as evidenced by the almost 
complete inhibition of leucine transport. 

The discovery of plasmid-containing minicells permitted further studies on 
phage infection. Roozen etal. (1971b) were able to infect about 0.1% of 
sucrose gradient-purified minicells containing either the Co\-trp or R64-11 
plasmids with T4. Burst sizes of these infected minicells varied from 9 to 36. 
The low infectivities and yields may be explained in part by the observation 
that exposing cells to sucrose prior to phage infection reduced both infective 
centers and burst size by 60 to 80%. As further proof that infected minicells 
were responsible for the T4 phage produced, Roozen etal. (1971b) demon- 
strated that the optical density profile of minicells on 5 to 20% linear sucrose 
gradients superimposed the infective center profile. As previously mentioned 
(see Sect. IV. A. 4.), Curtiss (unpubl.) was able to infect Col-^-containing 
minicells with phage P1 and obtained P1 transducing phages that were able to 

transduce irjr strains to Trp+. 

Kass and Yaumolinsky (1970) were unable to get the XcI857 temperature- 
inducible prophage to excise and/or replicate to produce infectious phage in 
minicells containing the F' gal+ (AcI857) plasmid. Since minicells can replicate 
the plasmid Xdv (Roozen et al., 1971 c), it is likely that some aspect of excision 
of A prophage is blocked. In this regard, it should also be reiterated that F- and 
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. • Fig. 6. An F' Jac-containing E. ooli minicell bearing two donor pili that are demonstrated 

by lateral attachment of RNA donor-specific bacteriophage to both pili and the terminal 
attachment of a DNA donor-specific bacteriophage to one of the pili. x 43 830. Electron 

micrograph taken by D. P. Allison 

F'.-containing minicells are not very efficient at RNA and protein synthesis as 
compared to R and Col plasmid-containing minicells (Roozen ct aL, 19/1 b). 
Attempts to productively infect plasmid-containing minicells that possess 
donor pili with various donor-specific phages have also been unsuccessful 
(Hofschneider, pers. comm.; Pratt, pers. comm.), although the adsorption 
of RNA and DNA donor-specific phages has been demonstrated by electron 
microscopy (see Fig. 6). 

Reeve and Mendelson (1973 b) have found that the phages SP01, SP17 
and <j>29 all rapidly adsorb irreversibly to B. subtilis minicells but fail to produce 

any infectious progeny phage. Cornett and Reeve (1974) extended these 

studies to more critically examine the step at which SP01 infection of B. sub- 
Hits miniceUs was blocked. They initially demonstrated that 3 H-labeled SP01 
DNA was injected into minicells and was not degraded to acid-soluble material 

3 
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during 3 h of incubation. These infected minicells, unlike the phage-infected 
DNA-deficient minicells of E. coli, were able to incorporate uridine into RNA 
and amino acids into protein for an extended period of time. Such syntheses 
were blocked by rifampin and chloramphenicol, respectively. In spite of the 
ability of these minicells to synthesize RNA and protein, they were unable to 
synthesize new SP01 DNA (Cornett and Reeve, 1974). These results imply 
that B. subtihs minicells either have functional RNA polymerase, unlike E. coli 
minicells, or, like E. coli minicells, have the /? and /?' subunits of RNA poly- 
merase in which case the SP01 phage may inject its own sigma factor along 
with the DNA to promote initiation of RNA synthesis. 



VI. Conjugation Utilizing E. coli Minicells 
A. Introduction 

The decision to utilize minicells in conjugation experiments was based on 
the facts that the minicell-producing strain of E. coli K-12 isolated by Adler 
et al. (1966, 1967) was an F~ strain and that minicells could be readily separated 
from normal sized donor strains of E. coli. This last fact made it possible to 
interrupt conjugation after varying -lengths of time with separation of minicells 
from donor cells under conditions that would preclude alterations in macro- 
molecules in both donor cells and recipient minicells (i.e. low temperature and 
non-growth conditions). 

B, Minicells as Recipients 

1 . Nature of DNA Transferred to Minicells 

Cohen et ah (1967) demonstrated that a variety of donor strains would 
form specific pairs with minicells derived from an F~ minicell-producing strain. 
Fig. 7 is an electron photomicrograph of such specific pairs taken by D. P. 
Allison. The general procedure in these experiments was to use donor strains 
whose DNA had been labeled with [ 3 H]thymidine, to mate them with recipient 
minicells for varying periods of time, and then to isolate the minicells and 
determine the amount and type of DNA they contained. It was shown that 
all donor strains (F+ F' or Hfr) transferred increasing amounts of acid- 
insoluble, labeled DNA to minicells as a function of mating time. These studies 
were reported more fully by Cohen et al. (1968a, b). It was found that this 
label transfer required that the donor cell be an F+, F' or Hfi, since no label 
was transferred to recipient minicells when the labeled parent cell was an 
F- strain. Furthermore, there was no transfer when minicells derived from an 
F+ minicell producer were used as recipients and transfer was also uninhibited 
by the presence of deoxyribonuclease during the mating. Thus, the type of 
transfer observed was seen to possess all of the properties of a true bacterial 
conjugation system. In addition, electron-microscopic autoradiographic analy- 
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Fig. 7- Mating between one E. coh' dom.r cell and three recipient minicells. Donor piH are 
demonstrated by lateral attachment of RN A donor-specific bacteriophage. X19500. 
Electron micrograph taken by P. J\ Allison 



sis of minicells following matings with labeled donor cells revealed that some 
minicells had received a substantial amount of DNA, as indicated by the 
number of silver grains over them, whereas other minicells did not receive any 
labeled DNA. A representative electron-microscopic autoradiograph of mated 
minicells taken by Drs. Y. Nishimura and L. Caro is shown in Fig. 8. 

Cohen et al. (1968 a, b) found that minicells mated with all types of doner 
strains contained principally single-stranded DNA. This conclusion was based 
on the buoyant density of this DNA in neutral and alkaline CsCl gradients, its 
elution profile as determined by hydroxylapatite chromatography, its sen- 
sitivity to exonuclease I, and on its behavior during and after heat denatura- 
tion. In these studies it was shown that the DNA transferred by donors and 
by donors possessing short F' plasmids was converted from the single-stranded 
state to partially double-stranded DNA in minicells after mating. On the other 
hand, DNA transferred by Hfr donors and by donors possessing long F' plas- 
mids remained single-stranded in the minicells. Cohen et al. (1968b) concluded 
from these results that conjugation involved the transfer of single-stranded 
DNA synthesized in the donor prior to mating and inferred that it might be 
necessary for an entire F or F' plasmid to be transferred before any double 

stranding of its DNA could occur in minicells. It was also demonstrated that 
nalidixic acid inhibited conjugal transfer by the donor and vegetative DNA 
synthesis in the donor to an equal extent, depending upon the concentration of 
nalidixic acid used. When nalidixic acid-resistant donor strains were mated 
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Fig. 8. F.hctron-microscopic radioautograph of recipient minicells after mating with 
E. coli F + donor cells whose DNA had been labeled with [ 3 H]thymidine prior to mating. 
X 30000. Electron micrograph taken by Y. Nishimura and L. G. Caro 

with minicells, the amounts of transfer and DNA synthesis were unaffected by 
nalidixic acid. All these results were the same regardless of whether the mini- 
cells were derived from nalidixic acid-sensitive or nalidixic acid-resistant mini- 
cell-producing strains, and nalidixic acid did not prevent the conversion of 
single-stranded F DNA to the double-stranded state in minicells. These data 
corroborated other studies that indicated a dependence of conjugal transfer on 
DNA synthesis in the donor parent. 

Cohen etal. (1968b) observed that the amount of acid-insoluble label 
transferred from prelabeled donors was about the same regardless of the donor 
mating type. This suggested that Hfr donors, which are capable of a substantial 
amount of chromosome transfer to noimal sized F~ cells, could not transfer 
more than a few percent of the length of their chromosome to minicells that 
were devoid of a chromosome. This finding was in accord with genetic studies 
(Curtiss et al., 1968), which indicated the necessity for genetic homology 
between the lead region of the Hfr chromosome and the comparable portion of 
the recipient chromosome to obtain a significant degree of genetic transfer. In 
keeping with these results, it was later observed that the weight-average 
molecular weight 01 DNA transferred to minicells was usually 20 to 30 X 10 6 dal- 
tons independent of the donor strain used (Fralick, 1970; Sheehy etal., 
1972b; Khachatourians et al., 1974; Glatzer and Curtiss, unpubl). 

Fralick (1970) and Shull et al (1970, 1971) demonstrated that both Hfr 
and F DNA conjugally transfeired to minicells was attached to the minicell 
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membrane (60 to 90%) by use of the M-band technique of Tremblay et al. 
(1969). It was therefore evident that the inability of conjugally transferred Hfr 
DNA to be converted to double-stranded DNA in minicells was not due to the 
inability of such Hfr DNA to associate with the minicell membrane. As a 
means to understand the nature of this association between DNA and mem- 
brane, Shull et al. (1971) utilized ionizing radiation to see what percentage of 
the labeled DNA was released from the membrane by varying doses. They 
found that although 500 and 1 000 krad would reduce the weight-average 
molecular weight from 25 X 10 6 daltons to 7 X 10 6 and 4 X 10 6 daltons re- 
spectively, there was no reduction in the amount of DNA attached to the 
membrane. They therefore concluded that the DNA must attach at a multitude 
of sites. The discovery that conjugally transferred DNA associates with the 
membrane in minicells was in keeping with results obtained by Falkow et ah 

(1971) that indicated that conjugally transferred R plasmid DNA initially is 
associated with the cell membrane in recipient cells. Fralick (1970) also 
showed that an exposure of 2000 krad to minicells befoie mating did not have 
any effect on either the ability of minicells to act as recipients or the association 
of conjugally transferred DNA with the membrane. 

Ohki and Tomizawa (1968) had independently concluded that single- 
stranded DNA was transferred during bacterial conjugation and, along with 
Rupp and Ihler (1968), had found that the single strand transferred from the 
donor that was synthesized prior to mating represented a unique strand of the 
Watson-Crick helix that entered the recipient with a 5 ' terminus. It was still 
> uncertain, however, that the single-stranded DNA isolated in minicells after 
% conjugation represented a unique strand of the F plasmid or of the Hfr chromo- 
-| some. Therefore, Fralick (1970) and Fralick and Fisher (1970) undertook 
"f studies to determine whether the single-stranded DNA isolated from minicells 
^ after mating was or was not a unique strand of the Watson-Crick helix. In order 
5 to accomplish this objective they utilized two Hfr strains which transferred 
J. their chromosomes in opposite directions, but in such a manner that both 
l Hfr strains transferred the same genetic segment of the chromosome to mini- 
? cells. By isolating the DNA conjugally transferred by each of these Hfr strains 
to minicells, it was possible to determine whether the two DNA's would lorm 
heteroduplexes, indicating that complementary DNA strands had been trans- 
ferred during the two matings. Such heteroduplex molecules were obtained, 
indicating that one of the Hfr strains transferred the Watson strand whereas the 
other Hfr transferred the Crick strand for the same chromosomal segment. In 
control experiments, there were no heteroduplexes formed with DNA trans- 
ferred by either Hfr alone, indicating that both Hfr strains transferred a unique 
strand of the Watson-Crick helix. 
• Khachatourians etal. (1972, 1974), Shhehy et al. (1972 b), and Sheehy 

(1972) studied the degradation of conjugally-transferred single-stranded DNA 

in minicells. Minicells were purified aftei 60-min matings with an Hfr donor by- 
two successive sucrose gradients and then examined for loss of acid-insoluble 
material as a function of time of incubation under a variety of conditions. It was 
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shown that there was more solubilization of conjugally transferred DNA when 
rainicells from stationary-phase cultures weie used in matings than with mini- 
cells obtained from log-phase cultures. It was also found that the amount of 
degradation was stimulated by divalent cations such as Ca^, Mg-n- and Mn + ^, 
in decreasing order of eifectiveness, and could be greatly lessened by incubating 
minicells in an EDTA-Tris buffer. Inhibitors of energy metabolism such as 
2,4-dinitrophenol also markedly decreased the amount of degradation. In no 
instance was more than 40 to 50% of the conjugally transferred DNA degraded. 
It is difficult to assess the biological relevance of these studies, however, since 
it is not known whether such degradation does or does not occur during the 
time of mating or whether its occurrence is a result of subsequent purification 
of the minicells after mating and of incubation conditions. 

In terms of the procedures for using minicells as recipients in conjugation 
experiments, the results obtained during the past 6 years have given rise to 
improved levels of DNA transfer. For example: Cohen et al. (1968b) observed 
that between 0.2 to 0.4% of the total donor label was transferred to minicells, 
whereas Fralick (1970) achieved transfer of about 2% of the donor DNA. On 
the other hand, by conducting matings on membrane filters, Sheehy et al. 
(1972 b) obtained transfer of about 5% of the donor DNA to minicells during a 
60-min mating. The main considerations in achieving these high levels of trans- 
fer have been to choose appropriate densities of minicells and donors. In more 
recent experiments, donor stiains have been grown to early-log phase (2 to 
3 X Itf/ml) in the absence of aeration according to the methods of Curtiss et al. 
(1969). Recipient minicells have been harvested from either log-phase (Sheehy 
et al., 1972b) or stationary-phase cultures (Fralick, 1970; Shull et al., 1971 ; 
Fenwick and Curtiss, 1973 a) by differential centrifugation (Cohen et al., 
1968a) and/or by glycerol gradient (Shull et al., 1971) or sucrose gradient 
(Sheehy et al., 1972b; Fenwick and Curtiss, 1973a) centrifugation. Our 
general impression after using many of these methods is that minicells from log 
or late-log phase cultures that are purified on linear sucrose in BSC gradients 
(with or without prior differential centrifugation) act as better recipients than 
minicells grown and/or purified by other means. Typically, equal volumes of 
donor cells at an OD 620nm of about 0.3 (equivalent to about 3 x 10 8 cells/ml) 
and minicells adjusted to an OD 620nm of about 0.4 (about 2 X 10 9 minicells/ml) 
are mixed to initiate a mating. Utilizing these procedures, it has been possible 
to isolate a significant amount of, conjugally transferred DNA from recipient 
minicells (Sheehy et al., 1972b; Fenwick and Curtiss, 1973 a). 



2. Molecular Basis of Entry Exclusion 

Cohen et al. (1967, 1968b) had noted that there was a substantial decrease 
in the amount of DNA transferred from donoi strains to minicells produced by 
an F + minicell-producing stiain. Since the minicells fiom such F+ minicell- 
producing strains did not possess veiy many F pili, it was inferred that donor 
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strains must possess another surface component that either facilitates conjugal 
pairing with recipient strains or prevents pairing with other donor strains. 
Sheehy et al. (1972a, b) reinvestigated this phenomenon, which has been 
termed entry exclusion. It was shown in these studies that DNA transfer was 
decreased some 20-fold when the minicell recipients harbored a conjugative 
plasmid that was homologous to the plasmid possessed by the donor strain. 
In examining the DNA that was transferred under excluding conditions, it was 
found that this DNA had the same number-average and weight-average 
molecular weight as the DNA transferred to F~ minicells. It was also shown 
that the DNA transferred under both excluding and non-excluding conditions 
was degraded at the same slow rate. It was therefore concluded that entry ex- 
clusion was a phenotypic property that was not expressed by 100% of the 
''recipient" minicells but that, when it was expressed, there was absolutely no 
DNA transfer. This led to the inference that entry exclusion prevents pair 
formation between donor cells, a result that had been inferred fiom other 
studies utilizing transfer-defective mutants of F (Achtman et al., 1971). 



3. Mechanism of Conjugal Replication and Transfer 

Minicells have also been utilized to investigate the macromolecular events 
occurring in the donor cell during conjugation. CuRTrss et al. (1970) utilized F~ 
minicells produced by a minicell-producing strain with the dnaB (TS) mutation 
that blocks DNA replication at 42° C in matings with dnaB{T$>) donor strains 
in preliminary experiments to determine the role of DNA synthesis during 
conjugation. By choice of isotopic label, it was possible to demonstrate that the 
amount of conjugal DNA synthesis occurring in the donor was equal to the 
amount of DNA physically transferred to minicells. These results also indicated 
that vegetative chromosome replication was independent of conjugal replica- 
tion in the donor, as originally proposed by Jacob et al. (1 963). It was also 
shown that the dnaB(TS) minicells were able to convert single-stranded F DNA 
to double-stranded F DNA at 42° C, which indicated that the DNA poly- 
merases responsible lor this activity were not thermolabile in the dnaB(T§) 
mutant. 

Fenwick and Curtiss (1972), FENwrcK (1973) and Fenwick and Curtiss 
(1973^, b, c) also utilized recipient minicells to elucidate in greater detail the 
molecular events occurring in the donor parent during the initiation of con- 
jugal transfer and replication. They utilized a donor strain possessing the 
dnaB(TS) mutation and the plasmid R64-11. Matings were conducted at 42° C 
under conditions that did not permit vegetative replication of the plasmid or 
of the chromosome in the donor strain. When [ 3 H]thymidine was added at the 
initiation of mating, it was shown that F - minicells, but not R64-1 1 -containing 

minicells, stimulated a specific type of DNA synthesis in the donor parent and 
that this occurred in DNA molecules that could be isolated as CCC plasmid 
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DNA molecules. Thus, under conditions in which entry exclusion was operative, 
there was no initiation of conjugal DNA synthesis in the donor parent or any 
evidence for DNA transfer to minicells. By utilizing prelabeled donor strains, 
Fenwick and Curtiss (1973 a) found that maximum transfer of labeled 
plasmid DNA to minicells was achieved within 20 min. Plasmid DNA isolated 
in recipient minicells was found to exist as single-stranded DNA with a molecu- 
lar weight equal to the molecular weight of a single strand of the R64-11 
plasmid. No evidence was obtained for continuous R plasmid transfer to give 
rise to molecules of lengths greater than the length of a single DNA strand of 
R64-11. In preliminary experiments (Fenwick, unpubl.), it was observed that 
the conjugal replication of the plasmid DNA in the donor was occurring while 
the plasmid DNA was associated with the donor cell membrane. 

In order to deteimine the roles for protein, RNA and DNA synthesis during 
the initiation and continuation of conjugal replication and transfer, Fenwick 
and Curtiss (1973 b, c) employed chloramphenicol or rifampin, and nalidixic 
acid, respectively. In these experiments it was observed that vegetatively 
growing donor cells possessed all proteins necessary to initiate one round of 
plasmid transfer in the absence of further protein synthesis. However, the 
presence of chloramphenicol during the mating prevented the initiation of a 
second round of transfer and caused the accumulation of CCC DNA molecules 
(Fenwick and Curtiss, 1973b). On the other hand, the addition of rifampin 
prior to the commencement of mating blocked the initiation of conjugal re- 
plication and transfer. It was inferred from these studies that donor cells had 
to synthesize a type of RNA molecule that: (a) was presumably used as a 
primer for initiation ot conjugal DNA replication; (b) was not present in 
vegetatively growing donor cells; and (c) was not translated into a protein 
product (Fenwick and Curtiss, 1973 b). The studies with chloramphenicol 
and rifampin gave further support to the conclusion that no more than one 
genome equivalent of R64-11 DNA was transferred at a time and that transfer 
required the synthesis and activity of both specific plasmid-specified proteins 
and of a non-translated RNA to initiate each round of plasmid conjugal re- 
plication and transfer. In experiments utilizing nalidixic acid to block DNA 
synthesis {Fenwick and Curtiss, 1973c), it was observed that the addition 
of low concentrations of nalidixic acid (10 fig/ml) to the donor cells and recipient 
minicells prior to commencement of mating caused an equal reduction in both 
conjugal DNA replication and in conjugal DNA transfer. Nalidixic acid was 
shown to cause a reduction in the molecular weight of the DNA transferred to 
minicells, which suggested that this drug might induce single-strand breaks in 
the plasmid DNA that was being transferred. It was further observed that 
nalidixic acid caused a nonspecific association of plasmid DNA with the donor 
cell membrane with a marked reduction in the amount of plasmid DNA 
isolatable as CCC DNA molecules. These results were interpreted to indicate 
that nalidixic acid acts by blocking conjugal DNA replication and transfer at 
the replication fork by some type of nalidixic acid-promoted association 
between the plasmid DNA and the membrane. 
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The studies conducted by Fenwick and Curtiss (1937a, b, c) in conjunc- 
tion with previous elegant work reported by Vapnek and Rupp (1970, 1971), 
Vapnek et al. (1971), and Falkow et al (1971) give a rather complete picture 
of the mechanism of plasmid DNA conjugal transfer. It is evident that plasmid 
DNA exists during vegetative growth as CCC DNA molecules in the cytoplasm 
of donor cells during the period when the plasmid DNA is not undergoing 
vegetative replication. When a suitable recipient is contacted, plasmid DNA 
associates with the membrane of the donor cell and is converted to a state 
which permits the transfer of a unique single strand of the plasmid DNA with 
the 5' terminus of the single-stranded DNA entering the recipient cell or mini- 
cell first. Presumably, plasmid-specified proteins present in vegetatively grow- 
ing donor cells are used to effect this transition of CCC plasmid DNA to either 
an open circular or a linear duplex molecule on the donor cell membrane. It 
should be pointed out that the evidence indicating a discontinuous type of 
plasmid transfer does not require the existence of open circular plasmid DNA 
molecules during conjugation as is required by the rolling circle model for 
continuous conjugal transfer (Gilbert and Dressler, 1968). Conjugal DNA 
synthesis is then initiated by the synthesis of a rifampin-sensitive product 
(presumably an RNA primer that is not translated into a protein product) and 
thereafter occurs at a rate which determines the rate of transfer of the unique 
single plasmid strand and in an amount which is equal to the amount of plasmid 
DNA transferred to recipient cells or minicells. This newly synthesized DNA 
replaces the strand transferred and thus ensures the genetic integrity of the 
plasmid in the donor cell. Upon completion of a single round of plasmid transfer 
the plasmid DNA dissociates from the cell membrane and reassumes a CCC 
state in the donor cell. The cycle can then recommence, with the requirement 
that one or more plasmid-specified proteins needed to initiate the process be 
synthesized. It should be mentioned that, although it has been assumed that 
an endonuclease is necessary to initiate a round of plasmid transfer by con- 
version of CCC DNA to OC DNA, this protein is in fact misnamed, since it is 
not an enzyme acting catalytically but rather a protein, that is consumed in 
the act of performing its biological function. In the recipient cell, the conjugally- 
transferred single-stranded plasmid DNA attaches to the membrane and is 
there converted to a linear duplex molecule, which is converted to an OC and 
then a CCC form in the cytoplasm. 



4< Isolation of Specific DNA Segments in Minicells 

Fralick (1970) and Fralick and Fisher (1970) utilized recipient minicells 
to isolate specific DNA sequences transferred to minicells by different Hfr 

donors. By an appropriate choice of donor strains transferring the same 
chromosomal segment in opposite directions, they were able to isolate double- 
stranded heteroduplex DNA that contained a small genetically defined segment 
of the £. coli chromosome. 
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Glatzer and Curtiss (1972; in prepn) utilized this same system to prove 
that an Hfr donor transfers part of the F plasmid DNA sequences as the leading 
extremity of the Hfr chromosome. Isotopically labeled, conjugally transferred, 
lead-region Hfr DNA was isolated from miniceils and was used in hybridization 
experiments with purified F DNA to show that about 30% of the F sequence is 
initially transferred by the Hfr. Thus, the site on F involved in integrating F 
into the bacterial chromosome to yield an Hfr donor is distinct from the site 
on F for the initiation of chromosome or F transfer. 



C Miniceils as Genetic Donors 

Kass and Yarmolinsky (1970) were the first to show that plasmid-contain- 
ing miniceils were capable of acting as genetic donors of the plasmid in matings 
with normal sized F~ cells. They studied miniceils that contained either F' gal 
or F' gal (A) and observed that 1 5 % oi the miniceils that contained plasmids 
(only 1 % of the total miniceils) were capable of acting as genetic donors in a 
given mating period. Levy and Norman (1970) demonstrated that miniceils 
containing one or the other of two different R plasmids had the same donor 
ability as the parent cells from which they were derived. Roozen et al. (1971 a) 
likewise demonstrated that F'-containing, R plasmid-containing and Co\-trfi- 
containing miniceils were able to act as genetic donors. In the instances studied 
by these workers, however, most of the miniceils contained F' DNA and it was 
possible to show that 10 to 20% of the miniceils isolated from such F'-contain- 
ing minicell-producing strains acted as genetic donors of the F' plasmids. 
Miniceils containing F' DNA were able to transfer genetic information con- 
tained on the F' but not the chromosomal genetic information transferred by 
F'-containing normal sized donor cells. This observation provided further 
evidence that the DNA in miniceils from plasmid-containing strains was 
plasmid DNA rather than chromosomal DNA (Kass and Yarmolinsky, 1970; 
Roozen et al, 1971 a). Fig. 6 is an electron micrograph taken by D. P. Allison 
of a minicell possessing the F' lac plasmid. Note that this minicell possesses 
two F pili that are specifically marked by their ability to attach donor-specific 
RNA phages along their length and a donor-specific DNA phage to the tip of 
one pilus. 

As originally noted by Kass and Yarmolinsky (1970) and confirmed by 
Roozen (1971), (see Roozen et al., 1971 b), CCC F' DNA is not isolatable from 
miniceils containing such DNA (less than 1 to 3% of DNA). This is a paradox 
in view of the ability of these miniceils to act as donors of the F' plasmid DNA 
and the ease with which CCC DNA molecules can be isolated from other types 
of plasmid-containing miniceils (up to 70%. of the DNA). These observations 
could indicate that F' DNA in miniceils either is not in the CCC form or that 
the standard methods for lysing miniceils and examining for such DNA convert 
this DNA to open circular or linear duplex DNA. In any event, the question 
of the molecular state of F' DNA in miniceils is of some interest and is being 
currently investigated in our laboratory. 
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VEL Conclusion 

The isolation of minicell-producing strains in E. coli, S. typhimurium and 
other Salmonella species, B. subtilts, H. influenzae, Erwinia amylovora, and 
marine pseudomonad B-16 implies that such strains could be isolated in a 
diversity of microbial species. It is evident that the existence of minicells has 
contributed significantly to our understanding of the molecular biology of 
bacterial conjugation and of the genetics and molecular biology of plasmids. 
There is clearly much more that can be done relative to the function and ex- 
pression of plasmid genetic information using the minicell system. The produc- 
tion of minicells has and should continue to be of importance in studying the 
organization of the bacterial cell with regard to the partition of enzymes and 
other cellular constituents. Certainly, the utilization of minicell-producing 
strains to study membrane and cell wall synthesis should provide information 
of interest: Such strains should also be useful in understanding the mechanism 
of cell division as related to the replication and segregation of genetic informa- 
tion in the cell. Minicells should be suitable for "aging" experiments including 
a search for stable mRNA molecules that may be made by certain micro- 
organisms and for studies on the stability of proteins and of certain biological 
processes. Although minicells have not been extensively used by investigators 
interested in passive or active transport, the fact that they lack DNA and the 
ability to synthesize macromolecular constituents and can be made into proto- 
plasts should make them as useful as red blood cells are to those working with 
eukaryotic organisms for studies on transport in microbial systems. Lastly, the 
use of minicells produced by pathogenic species of bacteria may provide a 
means to develop a live vaccine that will confer long-lived protective immunity, 
as was suggested by Tankersley (1970) and Tankersley and Woodward 

(1973). 

The list of potential uses for minicells and the reasons for isolation of minicell- 
producing strains in other species is not intended to be all-inclusive but rather 
suggestive. It is our hope in writing this review that research with these systems 
will be intensified and that others will be stimulated to think of novel uses for 
minicells and minicell-producing strains to elucidate some of the more complex 
biological phenomena that have as yet received too little attention. 
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Appendix L Methods Used to Isolate Minicell-Producing Strains 

in Different Genera 

In most instances the isolation of minicell-producing mutants has been 
fortuitous, since there seems to be no general selective procedure available for 
obtaining minicell-producing strains. The usual protocol has been to mutagenize 
cultures and examine colonies from surviving cells by microscopy to detect 
those clones that produce minicells. However, the very successful procedure 
employed by Epps and Idziak (4970) may become the method of choice for 
selecting and/or inducing minicell-producing mutants. 

The minicell-producing strain of E. amylovora was discovered by Voros and 
Goodman (1965) among spontaneous derivatives of a pathogenic, filamentous 
isolate from nature. 

The P678-54 minicell-producing strain of E. coli K-12 was obtained by 
treating a log-phase nutrient broth culture of strain P678 (Jacob and Woll- 
man, I96I) with the mutagen triethylenemelamine (0.5 mg/ml) and selecting 
survivors that had an unaltered response to UV-irradiation but an increased 
resistance to ionizing radiation (Adler et al., 1966, 1967). The minicell- 
producing mutant (P678-54) was thus discovered fortuitously when a culture 
of this strain was examined by phase-contrast microscopy. 

Epps and Idziak (1970) selected Salmonella strains resistant to y-irradiation 
by 12 repeated exposures to 18 krad (5. pullorum) or 20krad (S.anatum, 
5. enteritidis, S. senftenberg, S. typhimurium ES878, S. worthington) and after 
each irradiation growth in nutrient broth containing 0.3 % yeast extract for 
24 h at 37 0 C. After the final cycle of irradiation and growth, cultures were 
spread on nutrient agar plates containing 0.3 % yeast extract and single colony 
isolates were subsequently compared to the parental strains with respect to 
morphology and resistance to antibiotics. A very high proportion of the strains 
subjected to this regimen of repeated irradiations were minicell-producing 
strains which also tended to form filaments. The typing of minicell-producing 
mutants in standard biochemical tests showed that they were fairly similar to 
the parent strains; however, additional cycles of exposure to higher doses of 
y-irradiation (25 and 30 krad) resulted in the survival and selection of mutants 
that varied considerably from parent strains in biochemical tests and the 
quantity of lipopolysaccharide produced. The effect of this further treatment 
on morphology was not reported. 

The S. typhimurium UT13 minicell producer was selected by its resistance 
to triethylenemelamine on nutrient agar plates. A stationary-phase culture 
was spread on plates containing 0.1 mg/ml of the mutagen. Colonies were 
examined for cell morphology by microscopy, and isolates that contained long 

cells and seemed to contain some minicells were transferred to plates containing 

0.4 mg/ml of triethylenemelamine. After five such transfers, one isolate was 
obtained that was a miniceU-producing strain (Tankersley, 1970; Tankers- 
ley and Woodward, 1973). An attempt to repeat this procedure to obtain 
minicell-producing strains from P678 and several other strains of E. coli K-12 
was not successful (Stallions, unpublished). 
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van Alstyne and Simon (1971) isolated three minicell-producing mutants 
among strains selected for filament formation following mutagenesis of B. sub- 
tilts BR77 with 100 fig/ml of N-methyl-N'-nitro-N-nitrosoguanidine by the 
procedure of Adelberg et al. (1965). Filament-forming cells were selected by 
subjecting washed mutagenized cultures to an enrichment procedure which 
included allowing cultures to grow from a heavy inoculum (i.e. 10%), centri- 
fuging a portion of the cells in a sucrose gradient, and collecting only the 
heaviest cell fraction to be subsequently used as inoculum for another cycle of 
growth. Five such cycles of growth and centrifugation were performed before 
cultures were plated and the resultant colonies screened to detect the desired 
microscopic morphology. Reeve et al. (1973) isolated three mutants with in- 
dependent mutations causing minicell production in 5. subtilis 1 68 by selecting 
revertants for known auxotrophic markers after spreading overnight cultures 
on appropriate minimal selective plates on which three small crystals of nitroso- 
guanidine had been placed. Cells in colonies revertant for auxotrophic markers 
were subsequently screened by phase-contrast microscopy to find the minicell- 
producing mutants. 

The H. influenzae Rd minicell-producing mutant was also selected after 
mutagenesis with nitrosoguanidine and was discovered fortuitously (Setlow 
et al., 1973). 



Appendix II. Strain Construction of Minicell-Producers 
by Genetic Manipulation of Genotype 

A. General 

Table 4 contains a list of minicell-producing strains of E. coli, S. typhi- 
murium UT13, B. subtilis and H. influenzae. This list is not all-inclusive but it 
provides information on some of the more important minicell-producing strains 
of E. coli that have unique genetic properties. Many of these strains have not 
been previously described. The construction of these strains has made use of 
conventional methods for the isolation of specific mutant derivatives, and of 
generalized transduction and conjugation for introducing specific mutations 
that alter recombination, repair, DNA synthesis, cell division, the presence of 
nucleases, etc. The basic methods for utilizing these techniques in strain con- 
struction are given by Miller (1972). 



B. Generic Preparation of E. coli Strains with Different 
Chromosomal Markers 

As indicated previously (Sect. II. C.) f E. coli P678 from which the P678-54 
minicell-producing strain of E. coli was isolated (Adler et al., 1967) possesses 
at least five mutational lesions affecting galactose utilization (several being 
suppressor mutations) (Bachmann, 1972) and probably contains some chromo- 
some rearrangements (Roozen and Curtiss, unpubl.). In addition, the fact 
that two mutational lesions are concerned with the expression of the minicell- 
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Table 4- Minicell-producing strains 



Strain 
designation 



Genotype* 



Reference 



i>. suoiuts 


VA51 ° 




vam Alstyne and 

Simon (1971) 




VA356 b 


thr irpC divA35 


van Alstyne and 




Simon (1971) 




VA27 b 


thr irpC divA27 


van Alstyne and 






Simon (1971) 




GSY1037- 


ura recA divl VA 1 


Reeve et al. (1973) 




divIVAl 








RUB770- 


leu A divIVAl 


Reeve et al. (1973) 




divIVAl 








BW$9-divIVAl 


trpC2 pheA2 divIVAl 


Reeve et al. (1973) 




BR59-divIVBl 


irpC2 ilvC divIVBl 


Reeve et al. (1973) 




U\\ -divIVBl 


ura m$tB divIVBl 


Reeve et al. (1973) 




C U W$-<X%V1 V A 1 


inyjx ifiy o iwu uwx v si 1 






CUA03-divIVBl 


thy A IhyB metB divIVBl 


Reeve et al. (1973) 




CUm-divIVAl 


thy A ihyB ilvC divIVAl tag-1 


Mendelson and 




tag' 1 




Reeve (1973) 




CVtoZ-divIVBl 


thy A ihyB metB divIVBl tag-1 


Mendelson and 




tag-1 


Reeve (1973) 


E. coli K-12 




.r i/ty tira few c*.s* iotijx iugx 


G i -j-i rrl r^l An \t i CO 1 ?J f"f* Cif 




T6 S minA gal A* mtnB str r malA 

At yt rflkm wtltu J»i/ 


P678-S4; Adler et al. 




*974 •* 




Stat t tons and 




sir* malA xyl mtl dnaB (TS) sw£ 


Curtiss (1971) 




Z964 


F* 1- A"mjnjB sfV s su£( ?) 


see text 




*984 bb 


F- Ttf* mm^ £«r£ X'pdxC minB 


see text 




cycB r met 








F- Mr Ja<; y £rc?C Ttf' w«n^ purE 


see text 




X~minB his str T T3 T xvl ilv 






X 129S 


F- dapD T6 S minA purE k~ pdxC 


see text 




minB his str f T3 f xyl ilv 
cycA f cycB r met 






P4121 


F" lac minA minB recA argG mal 
xyl metB thi 


Hori et al. (1974) 


/f . influenzae 


LBll ab 


ihy-2 sir* 


Setlow et al. (1973) 


S. typhimurium 


%1313 


prototroph, Iysogenic for 


Tankersley (1970) 


UT13 




3 phages 





a Genotype abbreviations are defined by Taylor and Trotter (1972). 

t> VA strains were independently isolated following mutagenesis of the parent strain, BR77, 
which has the genotype thr trpC. 

« Strains derived from *925: nal'(z9t7); plAc lysogen (*926); T6 f (x962); rip (^1362); polAi 
xyl+ rnetE (^1235); thy (xH22) and from this cys (%1140); thy dra and %1120) and 

from these met (xiiSt, *11S9. %WtO t %\\7Q, *rg 0f1172). proA (x1248). proB [%\2A% 

ilvA (*1314), his (^1261), phe (£1161), and malA + (^1 1 78). *126l gave rise to a pro strain 
(X1291) and this to a T6 r strain (%1391). *H6l gave rise to a endl he+ strain (^1268). ^H78 
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producing phenotype made genetic manipulation of this strain somewhat 
difficult. Although many of the useful minicell-producing strains of E. coli are 
direct descendents of ^925 (a single colony isolate of P678-54, selected for its 
high yield of minicells and ease of separation of minicells from parental cells, 
see Appdx III. A,), it was also desirable to introduce the genes conferring 
ability to produce minicells into other genetic backgrounds in hopes of facilitat- 
ing further studies on the genetic and biochemical bases of minicell production. 
Since a description of the procedures used to prepare these other derivative 
strains has not yet been published, the pertinent information on the derivation 
of some of these strains is given below. 

1. %974 

#974 was isolated as an F~ Gal + Lac + Thi+ Str r recombinant that inherited 
the dnaB(TS) mutation from #909 and minA minB from #925. The original 
DNA temperature-sensitive mutant CR34 (Bonhoeffer, 1966) was converted 
to an F~ prototrophic, phage-sensitive, streptomycin-sensitive derivative by 
mating with a series of Hfr strains derived from #15 (i.e. W1485) and then to 
F + by mating with #15 to obtain #909 (Stallions and Curtiss, 1971). Thus, 
#974 had some of its chromosome replaced with chromosomal material from the 
W1485 background. 

2. x964, %U11 

^964 is an F + prototrophic, phage-sensitive, drug-sensitive, dnaB + minicell- 
producing strain obtained by mating #974 with a set A mutant of Hfr OR11 
(i.e. £536, described in Berg and Curtiss, 1967). yf)64, therefore, had a sub- 
stantial amount of chromosomal material introduced from the #15 (W1485) 
background, since %\ 5 was the parent of Hfr ORl 1 . #141 1 is an acridine orange- 
cured F~ derivative of #964 that gives high yields of easily purifiable minicells. 

3. x984, %1081 

#984 was isolated by a mating between #964 and a multiply mutant F* strain 
(#96l) isolated directly from the W1485 genetic background. The particular 
recombinant was selected as a Lac* Pyr + Str r recombinant. #1081 was isolated 
as a PdxC+ PyrC + Trp+ Str r recombinant in a mating between #964 and #985 



was used to derive tec A thy + (^1 197) and recB thy+ (#1247) strains. #1159 gave rise to a 
dnaA (TS) met* strain (#1201) and then to a recA ihy+ strain (#1293)- Strains derived in 
laboratories other than the authors' include a teI857 lysogen (Kass and Yarmolinsky, 
1970), thy (Inselburg, 1971)1 recA (Inselburg, 1973), bgl + lac* Wilson and Fox, 1971), 

(Valine et al.. 1972) and Ion (Adler et al, 1969). See also Table 3. 
aa Strains derived from #974: polAi xyl + (#1231). 

bb Strains derived from #984: azi r (#1004); pdx+ (#1016); recA hi$+ (#1274); polA4ilv+ 
(#1228); rif (#995) and from this bug-6 purE+ (#1259 and #1260); ara (#1276) and from 
this T6' (#1392). 

ec A rif mutant (#1207) was derived from #1081. 

ab This strain is slightly UV-sensitive, resistant to novobiocin and viomycin, and derived 
from the Rd strain (Setlow et al., 1973). 
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(a trp mutant isolated from ^961). Because of the means used to isolate ^984 
and jfl081, they probably have 80-90% of their chromosomes derived from the 
XiS (W1485) subline (see Bachmann, 1972, for the pedigree of this line). 

4. %1298 9 X 1299 

%1298 and ^1299 are diaminopimelic acid-requiring minicell-producing 
strains derived from %984 by first isolating an am- mutant from #984 (jfl276) 
and then selecting for an Ara + Str r recombinant in a mating with Hfr KLl6 
(Low, 1972) that possessed a dapD mutation. These are particularly useful 
strains in that the minicells produced are more easily lysed than are minicells 
from the #925 and #984 backgrounds. Furthermore, purified minicells can be 
incubated in a growth medium lacking diaminopimelic acid with the result that 
the low number of contaminating parental cells lyse, thus allowing one to 
incubate minicells for a long period of time under growth conditions in the 
absence of overgrowth by contaminating parental cells. 

C Preparation of E. coli Strains with Various Plasmids 

The preparation of minicell-producing strains of E. coli possessing various 
conjugative plasmids such as F, F\ R, ColV, CoIB, CoUrp, etc. is readily 
accomplished by standard conjugation techniques (Kass and Yarmolinsky, 
1970; Levy and Norman, 1970; Roozen et aL, 1971a). The introduction of 
non-conjugative plasmids such as ColEl, Clo DF13, Tet, etc. presents greater 
difficulty. Inselburg (1970) utilized an Hfr donor to facilitate the conjugal 
transfer of the ColEl plasmid into the minicell-producing strain. Although this 
method has general applicability, the recent development of the calcium 
chloride-cold shock method for transforming E. coli cells with plasmid DNA, 
as developed by Cohen et al. (1972), provides a direct method for transforming 
minicell-producing strains with non-conjugative plasmid DNA, as has recently 
been demonstrated by van Embden and Cohen (1973). 

The preparation of lysogenic derivatives of minicell-producing strains is 
straightforward with the exception of those strains containing the plasmid 
Uv that were prepared by Grete Kellenberger-Gujer. The Uv (susP+) 
genome was isolated by first infecting KM424.1 (a recA~ strain containing Uv+ 
obtained from Dale Kaiser) with 4>21 b2susPred+ and purifying heavy re- 
combinant phages that contained Uv as a tandem insertion in the 4>21 genome 
by CsCl density-gradient centrifugation. The phage from a single plaque that 
plated on a Su~ host was then used to infect a recA Su~ strain. This lysate 

contained 50% heavy tandem insertion-containing phage and 50% light $21 

s«sP+ phage produced by recombination due to the presence of the red+ phage 
gene. Purified heavy phage were then UV-irradiated to 1 % survival in hopes 
that Uv would recombine out of the tandem insertion and survive, whereas the 
rest of the carrier <j>21 would be killed. *1197 (a A-sensitive (MalA + ) tec A deriva- 
tive of #925) was infected with these UV-irradiated phages at low multiplicity 
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aird after 3 h was challenged with a large excess of Xci to kill all cells that were 
not immune to A. One of the survivors designated #i256 was A-immune and 
<j)21 -sensitive, and thus had the properties expected of a ?dv lysogen. 



Appendix IEL Techniques for Handling Minicells 
A. Selection of Strains that Give High Yields of Minicells 
Easily Separable from Parent Cells 

The expression of the minicell-producing phenotype in newly constructed 
strains is highly variable in both E. coli and S. typhimuriutn. Since different 
minicell-producing clones vary with respect to the uniformity of size of mini- 
cells produced, the number of minicells produced, and the size and length of 
the parental cells, it is important to carefully select the clone to be used in any 
study. We find it useful initially to screen clones with the phase-contrast 
microscope to select derivatives that have uniformly small minicells of average 
diameter about 0.7 |xm. We have also found it beneficial to select derivatives 
that have rather long parental cells, since this facilitates purification of mini- 
cells. (It should be noted that this willful selection of minicell-producing strains 
with large parental cells can and probably has erroneously led some investiga- 
tors to infer that the mutations responsible for minicell production in E. coli 
also cause cells that are longer than cells in non-minicell-producing strains.) 
Following initial screening by microscopy, it is a good practice to concentrate 
the cells and minicells from about 2 ml of culture in 0.2 ml of buffered saline 
with gelatin (i.e. BSG, Curtiss, 1965) and layer this on a 5-ml linear 5 to 20% 
sucrose in BSG gradient to determine quantitatively which clone yields the 
highest number of minicells that are most easily separable from the parent cells. 
Numerous such gradients can be conveniently centrifuged at top speed in a 
clinical centrifuge for 20 to 45 min, depending on the centrifuge model. When 
these gradients are pumped off from the top (Buchler Densi Flow Pump), the 
OD profile can be monitored with a flow cell and the degree of cell contamina- 
tion in the minicell band can subsequently be measured. A good minicell- 
producing strain will give no more than one contaminating parental cell for 
every 10 4 to 10 B minicells following a first sucrose gradient centrifugation. It is 
also prudent to examine both log-phase and stationary-phase cultures, since 
minicell yields and purity may differ markedly at the two growth stages for a 
given strain. 

In terms of established minicell-producing strains of E. coli (i.e. #925, 2984, 
etc.), we have noted gradual decreases in yield and purity of minicells as a 
function of increasing numbers of strain transfers on slants. It has therefore 
been necessary periodically to reisolate "good" minicell-producers by the 
methods described above. If this is not done, one often finds increasing amounts 
of DNA in preparations of DNA-deficient minicells and high background in- 
corporation of radioactive precursors into DNA, RNA and protein by these 
minicells. This may well be due to the inclusion in the minicell preparation of 
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small minicell-like cells that do contain some fibrillar DNA structures, as 
observed in the electron microscope by Tudor et al. (1969). 

B. Purification of Minicells 

Many techniques have been used to purify minicells. When highly purified 
preparations are desired, a combination of purification procedures is often 
beneficial. It is critical to determine the level of parental cell contamination in 
purified minicell suspensions by viable count or direct particle counting because 
the cell contamination can vary considerably from strain to strain and from 
experiment to experiment, and also depends on the growth stage of the culture. 
In general, we have found that minicell yields and purity from E. coli and 
5. typhimurium are better from late-log, early-stationary, and stationary-phase 
cultures than from mid-log phase cultures. The number of minicells/ml can be 
determined by using a Petroff-Hauser counting chamber with a phase-contrast 
microscope. The addition of a small amount of safranin stain facilitates detect- 
ing minicells (Levy, 1970b). Minicells can also be quantitated by utilizing a 
Coulter counter with a small-aperture window (13—49 y.m). 

1 . Differential Centrif ugation 

Voros and Goodman (1965) used centrif ugation to separate E, amylovora 
cells from minicells. Differential centrifugation of E. coli cultures can be very 
effective, reducing the number of cells by two orders of magnitude while 
leaving about 50% of the minicells in the supernate to be subsequently collected 
(Cohen etal., 1968a; Dvorak etal., 1970; Kass and Yarmolinsky, 1970; 
Levy, 1970b; Shull et al., 1971 ; Roozen et aL, 1971 b; Sheehy et al., 1972b; 
Frazer and Curtiss, 1973; Khachatourians and Saunders, 1973; Kool 
et al., 1974; Hori et al., 1974). An advantage of using differential centrifugation 
to purify minicells is that physiological shocks can be avoided by maintaining 
the growth temperature during isolation and by using growth medium rather 
than buffer for suspending minicell pellets. Centrifugation is often performed 
at 500 to 2000 X g for 5 min; however, the choice of rotors, centrifugal force, 
and time of centrifugation is best determined empirically for different minicell- 
producing strains, because differences among strains with respect to cell length 
and minicell size may require adjustments in differential centrifugation pro- 
cedures. In addition, it is important to be aware that differential centrifugation 
of very dense cell suspensions *will result in considerable loss of minicells due to 
cosedimentation. The degree of purification obtained by differential centrifuga- 
tion is insufficient for most experiments, even though it is a useful preliminary 
step in recovering minicells from large culture volumes. However, Dvorak et al. 
(1970) obtained fairly pure minicell preparations after 3 cycles of differential 
centrifugation. 

2. Differential Rate Sedimentation in Sucrose or Glycerol Gradients 
Minicell preparations of high purity (1 cell per 10 s to 10 7 minicells) can be 
obtained by two cycles of differential rate sedimentation in linear gradients of 
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glycerol (10 to 30%) (Wickner et al., 1972) or sucrose (5 to 20% or 10 to 30%) 
(Adler et al.. 1967; Inselburg, 1970; Roozen etal., 1971a, b; Shull et al., 
1971; Kool etal, 1972; Frazer and Curtiss, 1973; Sheehy etal., 1973a; 
Reeve et al., 1973; Levy and McMurry, 1974). However, Silverman (1967) 
and Black (1967) obtained highly purified minicell preparations from ^925 (i.e. 
1 cell per 10 6 minicells) by using discontinuous glycerol gradients (1 5 to 40% in 
. 0.06 7M phosphate buffer, pH 6. 7) . Hori et al. (l 974) used discontinuous sucrose 
gradients (i.e. 10 ml of 20%, 10 ml of 15%, and 10 ml of 10% sucrose in BSG, 
Curtiss, 1965) coupled with differential centrifugation to obtain highly purified 
minicells (1 cell per 10 8 minicells). It should be kept in mind that the con- 
centration of sucrose or glycerol in the gradient as well as the centrifuge and 
type of rotor will affect the time of centrifugation necessary to obtain separation 
and may be important in the resultant physiology of the purified minicells, 
e.g. plasmolysis could be more pronounced for minicells exposed to higher 
sucrose concentrations. Gradients of sucrose or glycerol should be prepared in 
buffer and we have found that minicells, at least for conjugation experiments, 
are more physiologically active when the buffer in the gradients is BSG rather 
than Tris or 0.067 M phosphate buffer. 

In purifying minicells on linear 5 to 20% (w/v) sucrose in BSG gradients, 
we (Roozen etal, 1971b; Frazer and Curtis, 1973; Sheehy etal., 1973a) 
concentrate cultures containing cells and minicells 40-fold (log phase) to 10-fold 
(stationary phase) in BSG and layer the suspension onto the surface of a 3 5 -ml 
gradient with a Pasteur pipette in a volume equal to 4 to 8% of the gradient, 
depending on the density of the suspension. Minicells partially purified by 
differential centrifugation are concentrated 200-fold (log phase) to 50-fold 
(stationary phase) before layering on the gradient. Concentrated suspensions 
should always be vortexed vigorously for about 2 min just prior to laj'ering on 
gradients to eliminate aggregates and to thus reduce loss of minicells by co- 
sedimentation with cells and to increase the purity of minicell suspensions. 
After centrifugation, the minicell band can be conveniently withdrawn from 
the top of the gradient by means of a syringe the needle of which has been bent 
at a right angle; for gradients of 35 ml, a 10-ml syringe is adequate. The mini- 
cell suspension is then slowly diluted with an equal volume of BSG before cen- 
trifuging to pellet the minicells. This diluting procedure may subject minicells 
to osmotic shock and thus it is best to add diluent slowly in order, if possible, 
to minimize the osmotic shock. If there is some difficulty in obtaining highly 
purified minicell preparations, it may be useful to incubate the minicells 
obtained after the first gradient centrifugation in growth medium, thereby 
allowing contaminating cells to grow somewhat larger before centrifuging on a 
second gradient. 

For large-scale purification of minicells, Fralick et al. (19(59) utilized 10 to 
30% sucrose gradients in the AXII zonal rotor, which is made of plexiglass. 
Hence, the separation of minicells from cells could be observed directly. 
Presumably, other zonal rotors can also be used to purify large batches of 
minicells. 
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Sucrose treatment is somewhat deleterious to cells, e.g. B. subtilis cells 
undergo considerable autolysis after sucrose-gradient centrifugation and mini- 
cells also autolyze to some extent (Reeve et al., 1973). E. coli cells have im- 
paired capacity to repair UV- and y-irradiation-induced damage to DNA 
following sucrose treatment while minicell capacity for repair was unaffected 
by sucrose treatment (Paterson and Roozen, 1972b). Cells recovered after 
sucrose-gradient centrifugation exhibit a delay in initiating growth compared 
to untreated cells (Levy, 1970b) and impaired synthetic capabilities have been 
demonstrated for £. coli cells plasmolyzed in 20% sucrose (Rubenstein et al, 
1970). Levy (1970b) has demonstrated that cells subjected to sucrose-gradient 
centrifugation at 4° C are damaged more than cells centrifuged at room tem- 
perature. We have observed significant autolysis of %925 and #984 cells after 
simply chilling cultures on ice, collecting the cells at 4° C, and suspending 
them in minimal medium at 37° C. Thus cells of ^925 and ^984 are sensitive to 
chilling as well as to sucrose treatment. However, minicells appear to be more 
resistant to these treatments because Zo\4rj> containing minicells purified at 
room temperature or 4° C are equally capable of synthesizing anthranilate 
synthase, while parental cells subjected to this procedure have less synthetic 
capacity when centrifuged in the cold rather than at room temperature (Fra- 
zer and Curtiss, 1973). This could be due in part to the fact that minicells 
band at 7 to 10% sucrose and are therefore exposed to a lower sucrose con- 
centration than cells which band or pellet in 20% sucrose in all these gradients. 



3. Differential Filtration 
Another method of purifying minicells which is based on the difference in 
cell and minicell sizes is differential filtration. Voros and Goodman (1965) 
used a Selas porcelain candle filter to separate minicells from cells of E. amylo- 
vora, and Frazer and Curtiss (1973) used millipore filters to separate £. coli 
minicells and cells. In the latter procedure, the culture was first subjected to 
low-speed differential centrifugation to remove most of the cells and the 
resulting supernate was filtered twice through washed millipore filters of 1 .2 |im 
pore size and once through a filter with 0.8 \im pores. Minicells were then 
collected by centrifugation of the filtrate. The minicell preparations prepared 
this way contain about 1 cell per 10 4 minicells. The method obviously is not 
suitable for isolating minicells from large culture volumes. 

4. Decreasing Viable Cells in a Minicell Suspension 

Many procedures that selectively kill cells but leave minicells intact have 

been used either alone or in combination with centrifugation procedures to 
obtain more highly purified minicell preparations. It should be noted that 
those methods that cause cells to lyse and liberate cellular constituents that 
can be taken up by minicells may not be suitable for certain experiments. 
Likewise, those methods that require long incubations of minicell preparations 
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during the purification procedure may cause minicells to age with regard to 
their capacity to carry out various physiological activities. 

a) Thermal Induction of Prophage 
Kass and Yarmolinsky (1 970) used an E.coli minicell producer lyso- 
genized with XcI857 which produces a temperature-sensitive repressor. Cultures 
were grown at 34° C and then shifted to 41° C for 70 min to allow thermal 
induction of X to occur. Minicells were then purified by differential centrifuga- 
tion and sucrose gradient centrifugation. 

b) UV -irradiation 

Tankersley (1970) and Tankersley and Woodward (1973) employed 
UV-irradiation to kill contaminating cells in minicell preparations from S. typhi- 
murium that had first been purified by differential centrifugation followed by 
two sucrose gradient centrifugations. The viable cell to minicell ratio was 
lowered from 1 : 10 5 to 5 : 10 9 by this treatment. The success of this method may 
be due to the fact that the 5. typhimurium UT13 minicell producer contains 
3 different prophages, any one of which might be induced by UV-irradiation 
(Sheehy et aL, 1973 a). 

c) Sonication 

The purification of B. subtilis minicells on sucrose gradients results in con- 
siderable autolysis (Reeve et al, 1973) and low physiological activity (Men- 
DELSON et al., 1974). However, physiologically active minicells can be purified 
following disruption of all cells in the culture by sonication (Reeve and Men- 
delson, 1973 a, b; Mendelson et al., 1974). Late-log phase cultures are sedi- 
mented and the resuspended pellet is then sonicated at 0° C for 7 one-min ex- 
posures, with one-min cooling periods between. The minicells and remaining 
cells are diluted with growth medium, sedimented and then suspended in a 
small volume of growth medium and sonicated again. After washing, the 
remaining debris is separated from the minicells by rate sedimentation in 
capillary tubes in which the lower band corresponds to the purified minicells 
and the upper band to cell debris. 

d) Differential Centrifugation and Sonication of 
Penicillin^Induced Filaments 

Khachatourians and Saunders (1973) have developed a method for 
lysing cells by sonication after inducing cells to form filaments. Partially 
purified minicells were prepared by differential centrifugation and then in- 
cubated in fresh growth medium in a low concentration of penicillin G (1 0 units/ 
ml) for 2 h at 3 7° C during which time cells formed filaments, since cell division, 

including minicell formation, was inhibited. Differential centrifugation was 
then repeated to remove most of the large filamentous cells and the titer of 
contaminating cells in the supernate could be further lowered by subjecting the 
rninicell suspension to sonication. Plasmid-containing minicells prepared in this 
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way have one contaminating cell per 10' to 10 8 minicells and are active in DNA, 
RNA and protein synthesis and the propagation of T4. It is still necessary to 
determine whether the brief sonication of minicells results in shearing of plasmid 
DNA and whether the DNA. RNA and protein synthesis represents functional 
macromolecular biosynthesis before this method can have wide applicability. 

e) Inhibition of Cell Wall Synthesis with Penicillin or Ampicillin 
Penicillin treatment has been used to selectively kill growing cells in a 
partially purified minicell suspension while leaving the non-growing minicells 
intact. Black (1967) used 200 units of penicillin per ml to prevent growth of 
contaminating cells during aging studies on minicells of X 92S, purified on 
glycerol gradients, and observed that penicillin G at this concentration had no 
effect on oxygen uptake by minicells during 70 min of incubation at 37° C. 
Levy (1970b) has used penicillin-G treatment to purify E. coli minicells. Cul- 
tures were subjected to differential centrifugation and partially purified mini- 
cells incubated for 30 to 45 min in fresh medium to allow contaminating cells 
to initiate growth. Penicillin was then added to a concentration of 1500 to 
2000 units/ml and after incubation for about 1 h, the preparations contained 
one cell per 10* to 10 5 minicells. Higher levels of purification could be achieved 
by repeating the cycle. We have also tested the effectiveness of ampicillin as a 
means of purifying miniceUs and observed results similar to those of Levy 
(1970b); however, the effect of preincubating Col-*r/>+-containing miniceUs 
with ampicillin (50 (ig/ml) for 70 min at 37° C was observed to inhibit the in- 
corporation of radioactive amino acid into protein by 60% while RNA syn- 
thesis was unaffected (Roozen et al., 1971b). In contrast. Levy (1971a) 
showed that 1 000 units of penicillin G had no effect on protein synthesis during 
the 120 min of the incorporation experiment with minicells containing either 
R64-1 1 or R222 (i.e. Rl 00) . The discrepancies observed in these two studies may 
derive in part from the fact that different drugs and different plasmid-contain- 
ing miniceUs were used. B. subtilis miniceUs also have been purified in this way 
by subjecting cultures to differential centrifugation and treating the partially 
purified minicell suspension with 1 000 units of penicillin for 3 h (Reeve et al., 
1973). 

f) Inhibition of Cell Wall Synthesis in Auxotrophic or 
Conditional Lethal Mutants 
Another method of decreasing ceU contamination in purified or partiaUy 
purified minicell suspensions is to starve a dap- minicell producer of diamino- 
pimelic acid, a required cell wall component in E. coli. Growing cells lyse, and 
a drop in viable count of at least two orders of magnitude has been obtained in 
this way (Frazer, unpubl). Any mutant defective in ceU waU synthesis could 
be utilized in a similar manner, e.g. a miniceU-producing strain that is ap- 
parently thermosensitive for ceU waU synthesis (isolated by Weatherly and 
characterized by Maturin, unpubl. results) since it forms osmoticaUy sensitive 
ceUs at. the nonpermissive temperature (i.e. 42° C). 
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C. Methods of Extracting Minicells 

Minicell extracts have been made by a variety of procedures in order to 
assay enzymes, to display RNA and protein species on polyacrylamide disc-gel 
electrophoresis and to analyze the forms and subcellular distribution of DNA 
recovered from minicells. Most of the methods discussed in this section have 
been used only with E. colt minicells, except as noted otherwise. 

1. Sonication' 

Minicells are more resistant to sonic disruption than cells ; however, satis- 
factory extracts of minicells have been prepared by a number of workers using 
this method and exercising great care not to overheat during sonication. 
Dvorak et al. (1970) extracted minicells suspended in 0.15 M NaCl by sonica- 
tion for 30 sec pulses, in the cold, for a total of 3 min. Silverman (1967) 
similarly extracted minicells suspended in O.O67 M phosphate buffer (pH 6.7) 
by sonication at 20000 cycles/second (Bronson Sonifier S-100) for 30-sec pulses, 
in the cold, but found that minicell suspensions had to be sonicated for a total 
of 5 min, while cell suspensions required sonication for only 2 min. Levy 
(1971a) extracted minicells suspended in 0.05 M Tris- 1 mM EDTA buffer, 
pH 8, by sonication. Sonicated minicell extracts have generally been used for 
enzyme assays ; however, such extracts have also been used to examine proteins 
by polyacrylamide disc gel electrophoresis (Levy, 1971a, 1 973)- 

Recently, Levy and McMurry (1974) have used a sonication procedure to 
extract minicells prior to differential centrifugation in order to separate soluble 
and particulate subcellular fractions for subsequent examination of the com- 
ponent proteins by SDS-polyacrylamide gel electrophoresis. Minicells (4 X 10 8 
per ml) in 0.05 M Tris buffer, pH 8, were treated with 0.7 mM EDTA and 
100 jxg lysozyme/ml at room temperature for 20 min. Inhibitors of proteolytic 
enzymes (tosyl-L-phenyl-alanylchlormethane and tosyl-L-lysylchlormethane) 
were added to a concentration of 0.1 mM and the suspension was sonicated for 
30-sec pulses to a total of 3 min (Levy and McMurry, 1974). 

2. Rupture by French Pressure Cell, Lysis from Without, Toluenization 
and Grinding with Quartz Sand 

Other methods of extracting or lysing minicells for assays of enzymes and 
other cellular components include rupture by passage through a French pres- 
sure cell (Scandlyn, 1 968 ; Fralick etal, 1969), toluenization (Frazer and 
Curtiss, 1973), grinding with quartz glass (Hori et al., 1974), and lysis from 
without with bacteriophage (Curtiss, unpubl.). Minicell suspensions must be 
passed through a French pressure cell under 16000 to 17000 psi to obtain rup- 
ture, while 12000 psi is adequate to rupture cells (Frazer, unpubl.). Toluene 
treatment can be used to assay /J-galactosidase and anthranilate synthase in 
minicell suspensions. One drop of toluene is added to 1 to 2 X 10 10 minicells in 
1 ml of 0.1 M phosphate buffer, pH 7, and shaken vigorously at 37^C for 
20 min (Frazer and, Curtiss, 1973). Hori etal. (1974) used the method 
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(described by Muto (1968). for cells) of extracting minicells with 0.01 M 
Tris-O.l mM Mg acetate (pH 7.8) after grinding with quartz sand in order to 
demonstrate the presence of nascent ribosomal RNA in chloramphenicol-like 
particles synthesized by F'14-containing minicells. Lysis of minicells from 
without can be achieved by treating a suspension with UV-inactivated T4 or 
T6 bacteriophage or with T4 or T6 ghosts at a multiplicity of infection of 
10 to 20 (Curtiss, unpubl.). 

3. Detergent Lysis Prior to Electrophoresis of RNA and Proteins 

in Polyacrylamide Gels 

RNA profiles from minicells have been obtained by polyacrylamide disc-gel 
electrophoresis of RNA prepared from extracts of minicells after lysis with 

1 % SDS in the presence of 2.8% diethyl pyrocarbonate at room temperature 
in a 0.02 M Tris-O.l M NaCl buffer (pH 7.6) followed by phenol extraction and 
ethanol precipitation (Roozen et ah, 1971b). Kool et al. (1974) have utilized 
a procedure for isolating and characterizing pulse-labeled RNA from minicells 
which involves lysing a concentrated suspension of minicells (about 2 x 10 10 mi- 
nicells/ml) in a 0.06 M Tris-0.05 M EDTA buffer (pH 7.5) containing 3 mg 
proteinase K/ml by adding SDS (to a concentration of 0.43%) macaloid 
(i.e. purified bentonite) (to a concentration of 0.215%) and heating in a 97° C 
water bath for 3 min. 

Minicell extracts prepared by lysozyme treatment (1 mg/ml) and lysis by 
1% SDS at 0° C in a 0.01 M phosphate-5 mM EDTA-O.13 M £-mercapto- 
ethanol buffer (pH 7) (Kool et al., 1972) or by lysozyme treatment (2.5 mg/ml) 
and lysis with 0.4% SDS in a 0.15 M Tris-0.5 mM EDTA-0.64 mM /3-mer- 
captoethanol-12.5% sucrose buffer (pH 8) (Kool et al., 1974) have been used 
to obtain profiles of minicell proteins by SDS polyacrylamide disc-gel electro- 
phoresis, van Embden and Cohen (1973) subjected minicells suspended in 
0.01 M Na phosphate buffer (pH 7.2) to three cycles of rapid freezing and 
thawing before the addition of SDS (to 0.07 %) and /?-mercaptoethanol (to 
2.1 M) and heating at 100° C for 1 min to obtain lysates which were sub- 
sequently dialyzed overnight at 4° C before SDS polyacrylamide disc gel 
electrophoresis of proteins. Levy and McMurry (1974) first precipitated mini- 
cells from suspension (in the presence of 50 (Jig SDS/ml) with 5 % trichloroacetic 
acid. The acid-precipitated pellet of minicell material was then suspended in 
0.05 M Tris buffer, pH 8, neutralized with NaOH, and heated at 100° C for 

2 min after the addition of SDS (final concentration 1%) and /3-mercapto- 
ethanol (final concentration 1 %). The resulting preparation was used for SDS- 
polyacrylamide gel electrophoresis. 

4. Lysis Procedures Used to Characterize DNA from Minicells 

Various lysis procedures have been used to prepare DNA obtained from 
minicells (either plasmid-containing minicells or minicell recipients after con- 
jugation) for analysis on CsCl, CsCl-ethidium bromide, neutral sucrose, and 
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alkaline sucrose gradients. Six basic procedures for lysing minicells have been 
used: lysozyme-sarkosyl ; lysozyme-SDS; lysozyme-nonionic detergent; SSC 
(saline sodium citrate)-sucrose-SDS; lysozyme-NaOH ; and Tris (Tris-EDTA- 
NaCl, pH 9.1)-SDS. A number of modifications of these lysis procedures which 
have been used by different investigators will be reviewed in this section. 

a ) Lysozyme-Sarkosyl Lysis 

The lysozyme-sarkosyl method of Bazaral and Helinski (1968) has been 
used most extensively and involves washing cells twice in TES (0.05 M Tris- 
5 mM EDTA-0.05 M NaCl), incubating for 10 min in one tenth the original 
culture volume with 10% sucrose in TES buffer (pH 8) containing 1 mg 
lysozyme/ml and 0.5 nig pancreatic ribonuclease/ml, and lysing with sarkosyl 
at a final concentration of 0.67% at 0° C. Cohen et al. (1971 a) modified this 
method slightly to increase the amount of lysate. Lysates were analyzed on 
CsCl-ethidium bromide and neutral sucrose gradients. Inselburg (1970) has 
used the method of Bazaral and Helinski (1968) with and without small 
modifications, i.e. digestion with pronase after lysis (Inselburg and Fuke, 
1970; Inselburg, 1971) or digestion with pronase before addition of sarkosyl 
(Inselburg and Fuke, 1971 ; Fuke and Inselburg, 1972; Inselburg, 1973). 
Lysates obtained by this method were analyzed on CsCl-ethidium bromide or 
neutral sucrose gradients. Roozen (1971) and Roozen et al. (1971a) modified 
the procedure by using twice the concentration of buffer and lysozyme and by 
changing the detergent to a mixture of 1 .3 % sarkosyl and 0.1 % deoxycholate 
(final concentrations). Lysates prepared in this way were centrifuged in 
CsCl-ethidium bromide gradients. To obtain lysis of 5. typhimurium minicells, 
Sheehy etal. (1973 a) used the method of Clewell and Helinski (1969), 
which is similar to that of Bazaral and Helinski (1968) and includes modi- 
fications in the concentration of Tris and a step of digestion by pronase before 
addition of sarkosyl. Lysates obtained by this procedure were analyzed on CsCl- 
ethidium bromide gradients. 

Fralick (1970) and ShulI et al. (1971) used a modification of the M-band 
technique described by Tremblay et al. (1969) to examine membrane associa- 
tion of both plasmid and conjugally transferred DNA in minicells. They used 
the standard pH 7 TMK buffer (0.01 M Tris-0.01 M Mg acetate-0.1 M KC1) 
containing 0.25 M sucrose to convert minicells to spheroplasts by treatment 
with 600 to 1 000 mg lysozyme/ml for 1 5 to 3 0 min at 37° C. Lysis was achieved 
by layering equal volumes of cold spheroplasts and 0.2% sarkosyl over linear 
10 to 45% or 15 to 48% sucrose gradients. In some cases 0.001 M EDTA was 
present during treatment with lysozyme at 4° C, and the Mg acetate was added 
with the sarkosyl at the time of lysis. Levy (1971 a) also utilized the M-band 
technique to examine plasmid-containing minicells. He used a pH 8 0.05 M 
Tris-10% sucrose buffer containing 0.3 mM EDTA to incubate minicells with 
100 mg lysozyme/ml for 8 min at room temperature. MgCl 2 was then added to 
0.6 mM to neutralize the EDTA and the spheroplast mixture was chilled to 0° C 
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on ice. A sample of 0.5 nil was then layered over a 15 to 47% sucrose step 
gradient and lysis was achieved by adding 0.15 ml of 5% sarkosyl in 0.1 M 
MgCV 

Cornett and Reeve (1974) utilized a modification of the Levner and 
Cozzarelli (1972) method to lyse phage SPOl-infected B. subtilis minicells. 
Minicells were suspended in a solution containing 20% sucrose, 0.025 M NaCN, 
0.025 M EDTA, 1.25 nig lysozyme/ml and 250 mg chloramphenicol/ml and, 

| after 20 min at 30° C, were lysed by adding sarkosyl to 1 % final concentration. 

I 

b ) Lysozyme-SDS Lysis 
Cohen et al. (1968 a) devised a lysis procedure that was subsequently used 
by Fralick (1970) and Shull et al. (1971). Minicells suspended in 0.1 M 
Tris-0.05 M EDTA-0.2 M NaCl (pH 8.0) were treated with 0.3 mg lysozyme/ml 
for 30 min at 37° C, then with 1 mg pronase/ml for 2 h at 50° C, followed by 
lysis in 0.67% SDS for 10 min at 50° C. Lysates were centrifuged on neutral 
and alkaline CsCl gradients. The lysozyme-SDS procedure of Freifelder and 
Freifelder (1968) was used to obtain minicell lysates for centrifugation in 
alkaline sucrose gradients by Kass and Yarmolinsky (1970). Paterson and 
Setlow (1972) devised a lysis procedure which includes KCN in the treatment 
with lysozyme. Minicells are suspended in 0.03 M Tris-0.02 M EDTA-0.01 M 
KCN-800[i.g lysozyme/ml at pH 8 and incubated for 15 min at 0° C before 
addition of SDS to a final concentration of 1% and lysis at 37° C. Lysates were 
subsequently analyzed on neutral sucrose gradients. A procedure for lysing 
5. typhimurium UT13 minicells has been developed that also employs KCN at 
the time of lysozyme treatment (Sheehy et al., 1973 a). Minicells are suspended 
in 0:05 M Tris-0.02 M EDTA-0.01 M KCN-800 ng lysozyme/ml at pH 8 and 
incubated for 15 min at 0° C before lysis by addition of SDS to a final concen- 
tration of 0.67%, also at 0° C. Lysates prepared in this way were analyzed on 
neutral sucrose gradients. The presence of KCN in the methods of Paterson 
and Setlow (1972) and Sheehy et al. (1973 a) is critical for obtaining good 
lysis at neutral pH (Paterson, pers. comm.). Yet another lysozyme-SDS 
procedure has been developed to obtain lysates for centrifugation in neutral 
sucrose gradients (Roozen, 1971). The pH 7 phosphate washing buffer and 
pH 9.1 Tris lysis buffer of Freifelder et al. (1971) were used. Lysozyme treat- 
ment (1 xng/ml) was at 0° C for 10 min before addition of EDTA to 0.05 M 
followed by lysis with 1 % SDS at 0° C. 

c ) Lysozyme-Nonionic Detergent Lysis 
Several different methods have been described for lysis of minicells after 

lysozyme treatment by addition of a nonionic detergent, either Bri]-$8 01 
Triton X-100. Kass and Yarmolinsky (1970) used the method of Cozzarelli 
et al. (1968), which involves suspension of minicells at pH 8 in 0.05 M Tris-25 % 
• sucrose buffer and incubating with 1 mg lysozyme/ml and 0.05 M EDTA for 

10 min at 25° C and then obtaining lysis by the addition of Brij to a final con- 
centration of 0.5% at 25° C. Lysates were analyzed by CsCl-ethidium bromide 
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gradients. Roozen (1971) used the pH 7 phosphate washing buffer and pH 9-1 
Tris lysis buffer of Freifelder et al. (1971) with lysozyme treatment and 
EDTA addition at 0° C as described above for SDS lysis, except that lysis was 
obtained by the addition of 0.5% Triton XI 00 at 0° C. Lysates were similarly 
centrifuged on neutral sucrose gradients. Kool et al. (1972) used the lysozyme- 
containing sucrose-TES buffer ot Bazaral and Helinski (1968) to incubate 
minicells for 10 min at 4° C before lysing with a final concentration of 0.5% 
Brij at 4° C. Lysates were centrifuged on CsCl-ethidium bromide followed by 
neutral suciose gradients. Veltkamp et al. (1974) used the Clewell and He- 
linski (1969) procedure modified by using 1% Brij-58 for lysis. 

d ) Saline-Sodium Citrate-Sucrose-SDS Lysis 

Levy (1971 a) used a modification of the method of Berns and Thomas 
(1965). Minicells were suspended in 0.1 5 M NaCl-0.01 5 M Na 3 citrate (i.e. SSC) 
in 27% sucrose and lysed by the addition of SDS to a final concentration of 
0.5% and heating for 10 min at 60° C. Lysates were incubated overnight with 
pronase and centrifuged on CsCl and alkaline sucrose gradients. 

e ) Lysozyme-NaOH Lysis 
Fralick (1970) and Shull et al. (1971) determined the single-strand 
molecular weights of DNA conjugally transferred to minicells by preparing 
minicell spheroplasts by the method of . Godson and Sinsheimer (1967) and 
lysing them directly on top of 5 to 20% alkaline sucrose gradients (pH 13), 
as described by McGrath and Williams (1966). 

f) Tris (pH 9.1J-SDS Lysis 
The method of Freifelder et al. (1971) involves chilling cells, washing in 
a buffer of 0.01 M KH 2 P0 4 (pH 7)-l mM MgS0 4 -0.1 mM CaCl 2 -0.1 M NaCl, 
then gently suspending in a lysis buffer of 0.02 M Tris (pH <M)-0.05 M NaCl- 
0.02 M EDTA followed by lysis at 100m temperature in the presence of Dow- 
Corning antifoam A. with the slow addition of alkaline SDS (i.e. 0.8 M NaOH- 
1% SDS) to a final concentration of 0.15 to 0.3% SDS. Roozen (1971), Pa- 
terson and Roozen (1972b), Sheehy et al. (1972 b) and Fenwick and Cur- 
tiss (1973 a) have used this method of Freifelder et al. (1971) to obtain lysis 
of minicell suspensions without lysozyme after treatment with Tris pH 9.1 
buffer and alkaline SDS. Lysates prepared in this way are always analyzed in 
alkaline sucrose gradients and generally the gradients are overlaid first with 
the lysis mixture of alkaline SDS and then with the minicell suspension in Tris 
pH 9.1 lysis buffer so that minicells are actually lysed on the gradient. Sheehy 
et al. (1973 a) used a modification of this method to obtain lysis of 5. typhi- 
murium minicells for centrifugation on alkaline sucrose gradients. In this 

procedure, no NaCl was present in the pH 7 phosphate washing buffer or in the 
pH 9.1 Tris lysing buffer and the concentration of CaCl a in the washing buffer 
was increased from 0.1 mM to 1 mM. 
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